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ABSTRACT

Breast cancer is a serious health problem that severely affects the society.
Science and engineering communities are looking to find more advanced and new
cures to contain this deadly disease. There has been considerable success in
increasing the efficacy of conventional imaging techniques for breast cancer
detection such as mammography. However, the use of ionizing radiation, the
incidence of patient discomfort and the low specificity are some of the negative
aspects of mammography. Also, the chances to successfully cure breast cancer
can increase manifold with early detection of the malignant tumors. Magnetic
Resonance Imaging (MRI) is successful with its highly clear and detailed images,
but it is considered too expensive for wide screening. Its low specificity is another
disadvantage.

Microwave imaging of the breast, which uses non-ionizing radiation, is a
very active research area of recent times. It is hoped that once developed, it can
override the negative aspects of the existing imaging modalities. The idea is to

detect malignant lesions in the breast based on their electrical-property contrast
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with healthy breast tissues.

The electrical properties of biological tissues in the microwave region are
described by their complex permittivity. Previous studies claimed that malignant
tumors have very high permittivity and high loss compared to the surrounding
healthy tissue. It was assumed that the modality exploiting this contrast can easily
detect sub-centimeter tumors. Hence, very simple models with high permittivity
and loss tumor models embedded in low permittivity homogenous models were
employed to show the detection capabilities of microwave imaging techniques.
The examples were fairly amateurish and claimed unrealistic performance of the
rather simplistic microwave imaging techniques.

Recent studies have shown that the breast is not as simple an
electromagnetic medium as was thought previously. It is a complex
heterogeneous environment with high permittivity and high loss healthy tissues
(such as glandular tissue) and low permittivity and low loss healthy tissues (such
as fat). The internal tissue distribution and volume varies significantly from
woman to woman. Thus, simple models made with hemispheres, cylinders, etc.,
filled with water or oil cannot mimic the reality of the breast in imaging
experiments and simulations.

This is why there is a considerable demand of representing breasts as
realistic physical and numerical models. Physical models are required to
experimentally verify the imaging scanning systems with antennas. The numerical

models are required for electromagnetic (EM) simulations that are indispensable
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in designing and testing image reconstruction algorithms.

The work in this thesis mainly deals with the construction and
representation of breast models both in experiments and in simulations. This is
important work toward making microwave imaging a practical stand-alone

detection system.
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CHAPTER 1

INTRODUCTION

1) MOTIVATION

Breast cancer is the most common cancer among Canadian women,
excluding non-melanoma skin cancer. In 2009, an estimated 22,700 women will
be diagnosed with breast cancer and 5400 will die of it in Canada [1]. For women
in the U.S., breast cancer death rates are higher than those for any other cancer
except lung cancer [2].

X-ray mammography remains the primary screening method for detecting
early-stage breast tumors. The mammographic technique involves X-ray imaging
of a compressed breast. Most cancer societies and studies indicate the presence of
a considerable high false positive rate in mammography, such that 10% of the

patients screened are recalled for further testing, of which only 2% actually have
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cancer. Significant technical advances such as digital mammography, driven in
part by the Mammography Quality Standards Act (MQSA), have greatly
improved the overall quality and interpretation of mammographic images [4].
Also computer-aided detection and diagnosis (CADD) systems have been
incorporated, to aid the radiologists in finding suspicious regions in
mammograms. Yet further studies are needed to evaluate their efficacy. Recently,
a new three-dimensional (3-D) method called stereoscopic digital mammography
has been introduced [6], which, compared with conventional mammography,
gives a 3-D view of the inner structures of the breast and reduces the false-
positive rate by 49 percent. These developments have had positive effect in
increasing the specificity of mammography and bring down the false positive rate.
Mammography is the gold standard for wide screening of women over 40 years
old, for breast cancer, [3], [8].

The most prevalent invasive breast cancer, invasive ductal carcinoma
(IDC), and the non-invasive breast cancer, ductal carcinoma in situ (DCIS), occur
in milk ducts, and is associated with random specks of calcium deposits, called
micro-calcifications, in the breast. These are best seen in the mammograms
compared to any other imaging modality.

Despite the progress and benefits, the drawbacks of mammography
include the need for improved sensitivity (measures the proportion of true
positives, e.g., sick patients, which are correctly identified) and specificity

(measures the proportion of true negatives, e.g., normal patients, which are
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correctly identified), as mammography also has a high false negative rate, of up to
20%. A false negative case is where a mammogram appears normal even though a
breast cancer is present. Though false positive rate has the drawbacks of creating
anxiety and increasing diagnostic costs, but it is still considered an acceptable
price paid to prevent this deadly disease. Besides, patients can be educated about
the possibility of false alarm. On the other hand, a false negative rate is more
detrimental for the loss of lives. Mammograms are particularly difficult to
interpret in women with dense breast tissue, which is especially common in young
women. The dense tissue interferes with identification of abnormalities associated
with tumors in lobular regions or those near to the chest, leading to a higher rate
of false test results (both positive and negative) in these women. A negative
mammogram does not exclude cancer. For instance, lobular cancer such as the
very aggressive, though less occurring, invasive lobular carcinoma (ILC), is very
hard to detect from mammograms. It occurs in milk sacs or lobes (a very dense
tissue). This cancer has a high incidence of bilateral (ferm pertaining to the left
and right breasts in a woman) existence, which mammograms have difficulty to
detect. For better understanding, a general structure of the inside of the breast is
given in Figure 1.1. The two major kinds of breast cancers with their locations are
shown in Figure 1.2. The difficulties associated with dense tissue are especially
problematic for women who wish to begin screening at a younger age for being in
the high-risk category. The high risk category implies 20% or greater lifetime risk

and includes women with: (i) a strong family history of breast and/or ovarian
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cancer; (ii) those who are likely or known carriers of the BRCA1 or BRCA2
mutation (a breast and ovarian cancer gene mutation); (iii) women who have
lobular carcinoma; (iv) women with very dense breasts; and (v) those who have
already had breast cancer [3]-[11].

Most cancer societies recommend less usage of mammography for
screening such high-risk patients, especially young women, in order to limit their
lifetime radiation dose. The same recommendation holds for the surviving breast
cancer patients, who have undergone radiation therapy [3], [7]. This is where
another modality known as magnetic resonance imaging (MRI) is a valuable tool.
The studies by the American Society of Clinical Oncology (ASCO) [11],
concluded that MRI is a more sensitive screening tool in finding cancers than
mammography, ultrasound, or clinical breast exams (CBEs). MRI is sensitive to
both invasive and non-invasive types of cancers, but is not able to show the
micro-calcifications. MRI has a high negative predictive value, implying if
nothing is found in an examination, there really is no cancer. However, results
also showed that MRI gives a higher number of false positives. The imaging
technique is so sensitive that it finds many breast changes taking place in the
patients continuously with age and natural menstrual cycles. Often such
suspicious growths turn out not to be breast cancer (false positive). This results in
many additional tests, biopsies, and increased patient anxiety. Availability and
cost are also two other important obstacles to a broader use of breast MRI [7]. A

breast MRI can cost $1,000 to $1,500, which is ten times the typical cost of
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mammography. Also, there are currently not enough radiologists trained in the
procedure. The dedicated breast MRI machines are also insufficient in order to
provide screening to a larger population of women. Overall, the false positive
results remain the biggest impediment to the use of breast MRI in the screening of
average-risk women. Hence, for the average-risk women, the harms of MRI
outweigh the risks [7]. Yearly MRI screening is not recommended for women
whose lifetime risk of breast cancer is less than 15% by the American Cancer
Society (ACS) [3]. The ACS does recommend that women at average risk for
breast cancer should get an annual mammogram starting at age 40, whereas
women at high risk should get an MRI and a mammogram every year beginning
at age 30 [3]. Though it is very routine and safe for most patients, it is important
to mention that MRI requires a contrast agent called gadolinium, which is not
recommended to be used by patients who have kidney disease. This is, however,
debatable and studies are required to confirm these safety concerns.

Another popular imaging modality is ultrasound. It can only be used as an
adjunct to mammography as it is effective for evaluating cysts vs. solid tumors. It
is not very specific as a standalone modality. Also, ultrasound is highly operator

dependent, leading to false negatives. It is usually used during biopsies.
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Microwave imaging is a promising new technique under research for early
breast cancer detection [20]. It relies on a sufficient contrast between the
dielectric properties of normal and malignant breast tissues at microwave
frequencies [12]-[19]. Though earlier studies indicated a high contrast in the
relative permittivity of a malignant tumor compared to the healthy tissue (due to
high water content), it proved to be mostly in comparison with fat. The recent
studies have shown that malignant regions are hypo-conductive compared to the
surrounding breast tissue. This is to be expected as malignant breast cells gather
calcium ions from breast milk and have other unique features associated with
malignancy and metastasis such as vascularization or angiogenesis. Through these
features malignant cells develop their own blood supply system to provide
nutrients to growing cancer cells. This in turn implies that there is a lot of ionic
flow in the malignant region. Thus, a detection technique exploiting this contrast
can achieve sufficient specificity to diagnose malignancy. Following are some
key points that exemplify the motivation to develop microwave imaging as
malignancy imaging modality in breast:

»  The technique will have high resolution because it is based on microwaves
with frequency above 3 GHz and it aims at detecting sub-centimeter tumors.

»  The imaging should be able to discriminate a healthy breast from the one
with malignancy. Once robust, this will be highly specific modality to aid
existing imaging modalities and cut back false rates.

»  The modality should work with all kinds of malignancy as cancer cells



M.A.Sc. Thesis — Aastha Trehan Chapter 1 McMaster University — ECE

either in ducts or in lobules portray similar dielectric contrast.

» It uses non-ionizing radiation, and the detection modality once developed
can be used to screen high-risk younger patients, aiding early detection of
malignancy. Early detection implies higher survival rates.

»  Patient imaging can be done as frequently as needed.

»  The modality depends on natural contrast in dielectric properties and
requires no external agents.

»  The technique should be cost effective and cheaper compared to MRI and
mammography.

»  Microwave imaging requires microwave equipment and computer
algorithms for detection. This puts less pressure on the operators and users
and hence there are fewer propensities of operator dependent mistakes.

»  The imaging procedure requires a slight compression just to prevent motion
of the breast during microwave measurements, which is not as
uncomfortable as in mammography.

All these positive aspects that microwave imaging brings to the table are
promising. With more research and improvement of the technique accompanying
successful clinical trials, it can progress to become a wide screening method that
is safe, specific and reasonably inexpensive. However, to create this modality, it
requires novel solutions in terms of both hardware and algorithms.

Current research in active microwave breast imaging can be divided into

two main categories: microwave tomography [21]-[25], and ultra-wideband
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(UWB) radar [26]-[31].

In tomographic breast imaging, the scattered microwave signals are
usually measured in a phase-coherent way (complex S-parameters) using a vector
network analyzer (VNA). The image reconstruction involves the solution of a
nonlinear optimization problem whereby the permittivity profile of the imaged
domain is reconstructed.

In radar-based imaging, the breast is illuminated with an ultra wide-band
(UWB) pulse, and the backscattered signal is recorded for a number of antenna
positions, followed by post-processing algorithms to get the tumor signature.

Both approaches are complicated mostly due to the unknown and patient-
specific breast shape and tissue distribution. Most reported results with these
techniques are in simulations and measurements with very simple and canonical
structures. The phantoms in the experiments and the simulations are mostly
homogenous whereas it is known that human breast is an extremely
heterogeneous environment. Hence, when a patient’s breast is examined with the
optimized imaging set-up, obtained from simulations, it cannot perform well due
to unknown clutter sources from the breast itself. Also, as seen before, most
cancers occur in fibro-glandular or connective tissue (ducts and lobules). There,
the range of contrast in the dielectric properties of malignant vs. the surrounding
healthy tissue becomes very low [17]. If the optimization and detection algorithms
are burdened with reconstruction of shape, volume and dielectric properties of the

imaged breast, the convergence can easily fail. This makes the hardware
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complicated, as seen in current scanning systems for both radar and tomographic
approaches. However, if a good initial model of the patient’s breast is used in
electromagnetic (EM) simulations, the reconstruction algorithms become reliable.
The work represented in this thesis is an attempt to provide the best possible
initial patient-specific breast model for microwave imaging through simulations
and experiments.

The first step in this work was to have a novel and simple approach to
acquire breast shape and size at the time of the microwave measurements. This
was done with a photogrammetry-based in-house system, designed by our group.
It converts 2-D images from a camera to a 3-D structure. This method can also
provide the exact mutual location and orientation of the imaged breast with
respect to the antenna elements. The knowledge of the surface shape of the
imaged object can bring great benefits to both radar-based and tomographic
microwave imaging approaches. In the former case, it provides the exact shape
and location of the skin interface with respect to the imaging array thus making
the identification of skin-clutter signal components much easier in comparison
with all currently existing approaches. In the latter case, it clearly identifies the
surface of the volume where permittivity reconstruction must take place. This will
be discussed further in chapter 4 of the thesis. Also, phantoms to mimic the
average breast tissue were made both for the experiments for shape acquisition as
well as for the forward electromagnetic (EM) models, which must be tuned to

match the measurements.

10



M.A.Sc. Thesis — Aastha Trehan Chapter 1 McMaster University — ECE

The second step towards a patient-specific breast model is the modeling of
the interior tissue composition. The main tissues that are important in the model
are fat, skin, muscle or chest wall, fibro-glandular tissue that includes ducts and
lobules, and transitional tissue that surrounds the fibro-glandular tissue and
connects with fat. Blood supply forms 2% to 3% of the breast and its effect is
accounted for by the water content of these tissues.

The tissue identification is required to make reliable and high-fidelity
numerical phantoms in the EM simulations, which play a central role in the
reconstruction algorithms. The patient-specific breast model must include age as a
criterion as there are changes in the composition of the breast as a woman gets
older. Also the chance of acquiring breast cancer becomes higher with age. A
woman's chance of being diagnosed with breast cancer depending on age is given

by the National Cancer Institute (NCI) as shown in Table 1.1 [9].

TABLE 1.1: PROBABILITY OF BREAST CANCER WITH AGE.

Age Probability Probability
(in years) (as %) (as occurrence)
30-39 0.43 1 in 233
40-49 1.44 1in 69
50-59 2.63 1in 38

60-69 3.65 1in 27

11
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Two categories are prominent with age as a factor: (a) pre-menopausal or
women of age less than 50 years; and (b) post-menopausal or women of age more
than 50 years. It is observed that a patient undergoes many changes during post-
menopause that increase the risk for acquiring cancer.

Another classification is based on the breast composition with regard to
density. Breast Imaging Reporting and Database System (BI-RADS®) is a quality
assurance guide issued by the American College of Radiology (ACR) [10] to
standardize breast imaging and classification for mammography, ultrasound and
magnetic resonance imaging (MRI). According to BI-RADS®, the consistent
classification of the breast composition for all patients, should use the following
pattern [10]:

»  The breast is almost entirely fat (<25 % glandular).

»  There are scattered fibro-glandular densities (approximately 25%-50%
glandular).

»  The breast tissue is heterogeneously dense, which could obscure detection of
small masses (approximately 51%-75% glandular).

»  The breast tissue is extremely dense. This may lower the sensitivity of
mammography (>75% glandular).

Based on these classifications, eight patient specific categories are used to
set up a data base, two for age and four for composition. The source of these
numeric models are T1 weighted MR images. They will be discussed in detail in

chapter 5. This work is essential to test novel detection algorithms and to optimize

12



M.A.Sc. Thesis — Aastha Trehan Chapter 1 McMaster University — ECE

them for a real-case situation in the microwave imaging of the breast.

2) OUTLINE OF THESIS

We aim to probe into various issues related to representing as accurate as
possible breast models both in simulations and experiments. These issues and
their suggested solutions with some contributions will be discussed within the
following chapters.

Chapter 2 starts by reviewing the various research studies on the dielectric
properties of the major tissues of the breast from 10 Hz to 35 GHz, for instance by
Gabriel ef al. [14] and Joines ef al.[15]. A major most recent study on breast-
tissue electrical properties is reported by Lazebnik et al. [16]-[17] from 0.5 GHz
to 20 GHz. This study is based on excised human breast tissue obtained from
breast reduction surgeries and cancer surgeries at the University of Wisconsin and
the University of Calgary hospitals. Using methodical experimentation and
protocol techniques, the inconsistencies of the previous works (compiled both by
Sha et al. [18] and Lazebnik ef al. [16]) are overcome. Also, efficient statistical
tools for data fitting (such as Cole-Cole model), were used to establishe a
database for the dielectric properties of normal breast tissue as compared with
dielectric properties of the diseased and malignant breast tissue. It has been
concluded that the main tissues important to model heterogeneous interior of a
healthy human breast tissue in a microwave simulation are: adipose fat, glandular

tissue and transitional tissue, besides chest wall and skin. This chapter is

13
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concluded with the latest first-order simple Debye model applicable in the
frequency band from 3.1 GHz to 10.6 GHz, which is obtained by fitting to the
experimental data by the Wisconsin group [19].

Chapter 3 discusses the main recipes that we are using currently in
experiments to simulate a single tissue such as skin, fat and tumor, with electrical
properties close to those discussed in chapter 2. These recipes have been prepared
with non-biological materials, as biological material (mostly from animals),
though similar to human tissue, have much shorter shelf life and may contain air
sacs, which leads to problems during microwave experiments. The phantoms
prepared from our recipes are solid. There is an intention to increase the
complexity of these phantoms by incorporating various tissues in one solid
phantom. The chapter shows some images of the phantoms and the electrical
properties measured with the Agilent Dielectric Performance Probe [41].

Chapter 4 shows the development related to the novel approach of surface
shape acquisition for any randomly shaped object. It is to be expected that the
shape and size of the breast varies drastically among patients. Here, we propose a
photogrammetry method for the accurate reconstruction of the surface shape of an
imaged object, i.e., breast, at the time of the microwave measurement. The
approach can also provide the exact mutual location and orientation of the imaged
breast with respect to the antenna elements. The knowledge of the surface shape
of the imaged object can bring great benefits to both radar-based and tomographic

microwave imaging approaches. In radar-based imaging, knowing the shape and

14
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size of the breast as well as its relative position with respect to the imaging array
will lead to more accurate skin-artefact removal. In tomographic imaging, this
knowledge will reduce drastically the dimensionality of the inverse problem, thus
leading to faster convergence and reduction of the number of local minima. This
greatly simplifies the complexity of the inversion procedure. The accuracy of the
surface reconstruction of the object through photogrammetry is better than +1
mm. The approach is simple to implement and is automated. It requires
conventional cameras and the related software is commercially available.
Accuracy assessment of our system is described in this chapter. It also illustrates
the method with results of the reconstructed models and frequency-domain
experiments in the forward model.

Chapter 5 starts by discussing the need to represent as accurately as possible the
interior of the patient’s breast for better convergence of the algorithms in both
direct and tomographic approaches. This is a challenging job and is essential to
make microwave imaging a standalone cancer detection system. The realistic
solution has been given in this chapter. The source of numerical breast models is a
set of T1 weighted magnetic resonance images (MRI). These 2-D images are
converted into dielectric maps by segmentation using the tissue composition and
the dielectric properties given by the latest study on breast tissues, discussed in
chapter 2. The patient categorization comprises eight categories based on the
patient age and on the BI-RADS" (Breast Imaging Reporting and Data System)

classification. The software to produce such patient-specific breast models is
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designed in MATLAB [39] and includes a simple graphical user interface (GUI).
This is a first attempt at making this sort of software. It can be enhanced with
more interface tools, MRI sets and probability studies in the future. The software
has been named “Patient Specific Numerical Breast Phantom Modeller”
(PSNBPM).

Chapter 6 discusses some contributions made to the numerical modeling by
the author. The chapter reports the results for fidelity characteristics evaluated for
the newly designed sensor by our group. Also, suitable way has been found to
compose an objective function for sensitivity based algorithm and produce images
of a scatterer in simple structures with Jacobian maps. The simulations have been
done with time domain solvers.

The thesis concludes with results achieved and suggestions for future
research in chapter 7. For convenience, a summary of all bibliography is given at

the end of the thesis.

3) CONTRIBUTIONS
The author contributed substantially to the following original developments
presented in this thesis:
[.  Established a novel method to shape acquisition with photogrammetry and
contributed to make an in-house built system. This method received
successful acceptance at two major international conferences [34]-[35].

II. Phantoms were prepared for forward analysis and experiments. These

16
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[

IV.

VI.

phantoms were also used for antenna testing [36]. The main recipe and
many other relevant research topics are discussed in a technical report [33].
Developed a procedure to convert T1 weighted MR images to segmented
dielectric maps, which are further converted to CAD models for EM
simulators such as Ansoft HFSS ver. 11 [40]. This is done with a generic
program written in MATLAB.

In a process to create a database of 3-D CAD models from MR images for
eight categories of patients based on age and density classification.
Components contributed to numerical models such fidelity calculation of
the newly designed UWB antenna to be used in the imaging set-up by the
group [38].

Contributed to the development of an objective functions for the SASA
tool for detection of scatterers in a known background medium. This has

been presented in [37].
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CHAPTER 2

ELECTROMAGNETIC (EM)
PROPERTIES OF HUMAN BREAST
TISSUES — A LITERATURE
REVIEW

INTRODUCTION

As breast cancer is on the rise, the science and engineering communities are
looking to find more advanced methods for early detection of the malignant breast
tumors. A budding technology in this area is the use of the non-ionizing
microwave radiation. The high-frequency range of interest is from 0.9 GHz to 10
GHz. The band allocated from 3.1 GHz to 10.6 GHz for ultra-wideband (UWB)

medical imaging applications by the Federal Communications Commission (FCC)
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is considered promising due to a compromise between penetration depth and
resolution.

The diagnostic efficacy of the microwave breast cancer detection depends
on the contrast in the dielectric properties of normal and malignant breast tissues.
To make the detection of the small malignant tumors reliable, a dependable
database of the dielectric properties of the healthy breast tissue is essential.
Studies have been carried out to establish the normal breast morphology, the
electromagnetic properties of various breast tissues, the factors that affect the
breast composition, and the electromagnetic properties and shapes of the
malignant tumors.

The early studies claim that the contrast in the dielectric properties of
healthy breast tissues as compared to the malignant tissues is significant,
especially for the mammary gland. This motivated the development of techniques
that use non-ionizing radio waves in detecting malignant tumors, collectively
called active microwave imaging (AMWI). However, these early studies were
small-scale and amateurish.

This chapter aims at summarizing these early studies and discussing in more
detail the recent studies. These studies also suggest simple models for use in the
ultra-wideband (UWB) frequency range from 3.1 GHz to 10.6 GHz. Such models
are important in the development of numerical and physical breast phantoms for
use in experimental and algorithmic evaluation of pre-clinical AMWI techniques.

The chapter is divided as follows. Section 1 presents the theory of dielectric
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properties and the models used in experiments to fit the measured data. Section 2
reviews briefly the old studies along with related methods and discrepancies. It
then presents a compilation of the latest data on the dielectric properties of
various human breast tissues by a recent large-scale study. It also outlines the
methodology and the assumptions the new study made. Section 3 gives simple
models for all major tissue groups that can be used for numerical and physical
breast phantoms. Section 4 gives a brief summary of the mechanisms that explain

possible differences between malignant and normal breast tissues.

1) DIELECTRIC PARAMETERS AND MODELS

From an electromagnetic point of view, the biological tissues can be
described as lossy dielectrics. The biological medium is also characterized by
strong frequency dispersion. Figure 2.1 represents a typical variation of the real
and imaginary parts of the relative permittivity as a function of frequency in a
wide range. It also indicates the various processes that influence a particular
segment of the frequency range.

According to Kramer and Kronig’s formula, when the permittivity varies as
a function of frequency, it must be a complex function of frequency. Furthermore,
its real part can be calculated from the variation of the imaginary and vice versa.

These relationships are [2]:
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) = €s+—f (X)
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where &; and ¢, are the values of the relative permittivity at frequencies zero

(1

and infinity, respectively, and @ is the angular frequency.

Electronic

IR \¥4 uv

Figure 2.1: Typical frequency dependence of the dielectric permittivity of
biological tissues over a wide range of frequencies; where &' and &” denote the
real and the imaginary part of the complex permittivity, respectively. Various
processes are labeled on the image as ionic, dipolar relaxation, atomic and

electronic resonances (from [1]).
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The complex function for the relative permittivity is therefore written as [3]:
E=¢,—je 2)

The real part is called the dielectric constant and the imaginary part is a measure

of the dielectric losses. These are often expressed as the tangent of the loss angle

0:

g’ o
tanf = —=— (3)
g wes,

!
i

where o is the electrical conductivity in S/m. From (3), the effective conductivity

at any frequency is evaluated as:
Oy = wEE! )
where g, is the permittivity of free space. Hence it can also be said that the

Kramer-Kronig equations [see (1)] relate the conductivity of the biological tissues
to their permittivity.
Another related parameter is the skin or penetration depth ¢ :

- 12
el e
1) 2 e
From (5), it is clear that higher frequencies imply smaller penetration. Hence, for
medical applications with microwaves, the frequency range has to be chosen
carefully.
The phenomenon of permittivity, conductivity, and/or permeability varying

as a function of frequency is called dispersion. Biological materials are very

dispersive. On the other hand, if a material has non-zero imaginary part of the
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permittivity (or the permeability), it exhibits losses and is said to be dissipative (or
lossy). It is said that dissipation induces dispersion and vice versa [2]. Water is the
major constituent in most tissues, such that it accounts for 80% of the volume of
most soft tissues (surrounding tissues as fat, muscle etc.). It is called biological
water. It is the dipolar relaxation (shown as a process in the microwave range in
Figure 2.1) associated with this biological water that determines the dielectric
properties of tissues. Dielectric relaxation is the result of the movement of dipoles
or electric charges due to a changing electric field in the frequency range from
few megahertz (MHz) to a few gigahertz (GHz) [1]. It is a slow process and takes
time to reach equilibrium called relaxation time. The relaxation time of water in
tissues is generally longer than that of the pure liquid [2].

There are three major dispersion regions where the value of the permittivity
is varying strongly with frequency called alpha, beta, and gamma, at relaxation
frequencies in the ranges of kilohertz (KHz), hundreds of KHz, and gigahertz
(GHz), respectively. The permittivity undergoes almost monotonous decrease
over the entire frequency range. As also seen in Figure 2.1, the astonishingly high
value of permittivity at very low frequencies (ELF), due to alpha dispersion, is
largely attributed to counter ion diffusion effects [2]. For engineering
applications, the alpha dispersion has little significance [4]. Beta dispersion
occurs at radio-frequencies (RF) and arises principally from the charging of
cellular membranes, with smaller contributions from the protein constituents and

ionic diffusion along surfaces in the tissue. The delta dispersion or “UHF (ultra
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high frequency) relaxation”, located half way between the beta and gamma
regions (roughly a range between 0.1 GHz and 3 GHz), has also been identified
[2], [4]. A combination of mechanisms is suggested for this region such as: (i)
dipolar relaxation of the water of hydration “bound” to proteins; (ii) a Maxwell-
Wager effect (an effect related to introduction of dispersion due to capacitative
charging of the cellular membranes often owing to tissue heterogeneity) due to
ions in the cytoplasm collection against relative nonconductive protein surface;
and (iii) rotation of polar side-chains on the protein surface. The relaxation
frequency is dominant mostly by bound water (100 MHz - 1000 MHz), protein
molecules (40 MHz - 300 MHz) and free water (25 GHz). The gamma dispersion
occurs with a center frequency near 25 GHz at body temperature. It is due to the
dipolar relaxation of the free and bound water, and to ionic conductivity.

In its simplest form, each of these relaxation regions is the manifestation of
a polarization mechanism characterized by a single time constant. To a first-order
approximation, this time constant gives the following expression for the complex

relative permittivity, also known as the first-order Debye expression [5]:

g_ngrﬂ (6)
1+ jor

Here, ¢, is the permittivity at infinite frequencies where wr >> 1, g is the

permittivity at @7 << 1, and 7 is the relaxation time constant. The magnitude of
the dispersion is described as Ag =&, — ¢, . For more complicated data fitting, the
general multi-pole Debye expression is used:
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fo)=¢, +Z 9 (7)

1+ ]a)r ]a)go

where o, is the static ionic conductivity.

To broaden the multiple contributions to the dispersion model, an alternative
to the Debye model is often used in experimental studies and it is called the Cole-

Cole equation:

B gt @)

1+ (o)™

>

where the distribution parameter « is a measure of the broadening of the
dispersion. Hence, in the Cole-Cole model the relaxation time constant is

distributed. A general multi-pole Cole-Cole model is given as [5]:

éw)=¢, +Z ... ©)

1+(j602' )(l ) joe,

These models, with a proper choice of parameters, can be used to predict the
dielectric behavior over the desired frequency range for various tissues and are

encountered in most experimental studies.

2) EXPERIMENTAL STUDIES

The contrast in the dielectric properties between normal and malignant
tissues is the basis for diagnostic applications using microwaves [4]. The study of
biological tissues has been widely reviewed for electromagnetic dosimetry and

cancer detection. Previous reports of substantial contrast in the dielectric
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properties of normal and malignant breast tissues across portions of the EM
spectrum have invoked interest in non-ionizing microwave techniques for cancer
detection. However, the earlier studies [8]-[13] were mostly small-scale and are
not all in agreement. The most extensive and recent study has been done in
collaboration by the University of Wisconsin-Madison (UW) and the University
of Calgary (UC). This study has endeavored to build an extensive database of the
dielectric properties for a variety of healthy and diseased breast tissues [6]-[7].
This section refers to all earlier studies, excluding the recent UW-UC study as the
‘Previous Studies’. The UW-UC study is referred to as the ‘Recent Study’.
2.1.  Previous Studies

Sha et al. [4] have compiled the dielectric property data on healthy and
malignant breast tissues from a number of researchers and presented them in a
graphical form, both for high and low frequency regions. For active microwave
imaging, the region of interest is the data in the high-frequency range. A
comprehensive table, with the major studies done on breast tissues of humans in
chronological order, is displayed in Table 2.1. The data is taken from both [4] and
[6]. Sha et al. [4] reports various data inconsistencies and discrepancies among
studies in mean dielectric values of normal and malignant breast tissues. The
possible two reasons are given as:
(a) Limitation in experiments such as collection of samples in physiological
saline by Chaudhary et al. [9] and frosting/defrosting of malignant samples

before measurements by Campbell et al. [11]. Also, there is difference among
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experiments with in vivo as compared to ex vivo samples, where Meaney et al.
[13] reported much higher dielectric properties from clinical trials with dielectric
properties reconstruction of patient’s breast with microwave tomography.
Temperature of the sample was another variant in these studies.

(b) The second problem arises from the inherent challenges of characterizing
breast tissue, which is quite heterogeneous. Normal breast tissues are composed
of breast fat, connective tissue, glandular tissue, etc. This poses difficulties in
determining the true range of tissue-specific properties with probes and
techniques limited to larger sensing volumes. For instance, dielectric spectroscopy
techniques unavoidably average the dielectric properties throughout the volume
traversed by the EM fields [6]. Also, different stages of tumor development will
change the tumor’s dielectric properties and introduce variability [4].

This inconsistency indicates the importance of using proper sample storage
method before experiments and suggests a standardization of the experiment
conditions like the sample and environment temperatures, as well as the need to
record patients’ information for later analysis. Although there were so many
conditions out of control in early studies, Sha ef al. [4] record the following trends
as conclusive: (i) malignant tissues have higher mean permittivity and
conductivity values than those of normal breast tissues; and (ii) fatty tissues have

the lowest mean permittivity and conductivity values.
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TABLE 2.1: CHRONOLOGICAL SUMMARY OF STUDIES PUBLISHED FOR HUMAN

BREAST TISSUE BEFORE LAZEBNIK ET AL. [6] COMPILED FROM [4] AND [6].

Tissue type Frequency No. of Measurement Reference
range patients details
(temperature)
Ex vivo 3-24 GHz Not Samples inserted England ef al.
normal available into waveguide (1949) [8]
(adipose) (NA) (37°C)

malignant - S - -

Ex vivo 3 MHz-3GHz 15 Samples collected in  Chaudhary et

normal (NA) physiological saline; al. (1984) [9]

malignant inserted into RX-
meter chamber or
pressed against

B . probe(25°C)
Ex vivo 20 KHz-100 7 Measured input Surowiec et
normal MHz reflection coefficient al. (1988)
(various) of samples with [10]
malignant coaxial line sensor
connected to
HP3577 network
- o analyzer (37°C)
Ex vivo 3.2GHz 37 Resonant cavity Campbell et
normal perturbation method  al. (1992)
(various) (24°C) [11]

malignant o

Ex vivo 50 MHz- 12 Samples pressed Joines et al.

normal 900MHz against open-ended  (1994) [12]

(adipose) coaxial probe

malignant connected to
HP8754A network
analyzer (24°C)

Invivo 900 MHz 5 Clinical microwave  Meaney ef al.
breast imaging (2000) [13]
prototype (37°C)

Ex Vivo 0.5-30 GHz 12 Samples pressed Choi et al.

malignant, against open-ended  (2004) [14]

lymph nodes coaxial probe
connected to
HP8510C (37°C)

In vivo 10-900 KHz, 23 EM breast imaging Poplack et al.

300-900 MHz, using 3 non-invasive (2004) [15]

near-infrared

modalities (37°C)
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2.2.  Recent Studies [6]-]7]

The most recent study on the dielectric properties of the human breast
tissues has been done by Lazebnik et al. [6]-[7]. The group has published two
studies:

(a) The first study is based on the excised human breast tissue obtained from
breast reduction surgeries at UW and UC hospitals [6]. The group conducted 488
measurements on normal breast tissue obtained from 93 patients. The breast
reduction surgery specimens were quite large and typically included all of the
normal tissue types present in the breast. This helped to establish the baseline
dielectric properties and the variability degrees for the normal within-patient and
between-patient tissues. This study will be referred to as ‘reduction surgery study’
in rest of the chapter.

(b) The second study is based on the excised human breast tissue obtained from
breast cancer surgeries such as lumpectomies, mastectomies, and biopsies [7].
The group conducted 319 measurements on tissue specimens from 196 patients.
This study will be referred to as ‘cancer surgery study’ in rest of the chapter. In
contrast to reduction surgeries, the amount of normal tissue present in the cancer
specimens was small and confined to the margins of the specimen. As a validation
check, comparison between the dielectric properties of the normal samples
obtained from cancer surgeries with the dielectric properties of normal samples
obtained from the reduction surgeries was done, and will be discussed later.

Thus, using methodical experimentation and protocol techniques to
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overcome the inconsistencies of previous studies, Lazebnik ef al. [6]-[7] have
established a database for the electrical properties of the normal breast tissues that
can be compared with the dielectric properties of the malignant breast tissues.

2.2.1. Sample and measurement protocol

The term ‘sample’ means the portion of tissue specimen that was selected
for dielectric characterization. The tissue handling protocols at UW and UC
differed slightly, but the differences were noted and analyzed statistically during
data analysis. Care was taken to minimize the desiccation of samples till
measurement. The dielectric properties of samples were done over a frequency
range of 0.5 GHz to 20 GHz using a precision open-ended coaxial probe
technique, where the diameter of the aperture of the probe was 3 mm. This probe
was placed in direct contact with the unperturbed sample. As a result, it
overcomes some of the challenges of other dielectric spectroscopy techniques
(e.g. loaded resonators and loaded waveguides), which require extensive sample
preparation and are generally narrowband. The probes were used with Agilent
8720ES and Agilent 8722D vector network analyzer (VNA) at UW and UC,
respectively. The tissue composition within the probe’s small sensing region was
also quantified in terms of dominant tissue type. This was done by first marking
with blank ink the exact site on the tissue surface where the probe was placed.
Then the analysis was carried out under a microscope. The samples with black ink
mark are shown in Figure 2.2 for the reduction surgery study and in Figure 2.3 for

the cancer surgery study.
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(a) (b)
Figure 2.2: Dielectric spectroscopy of freshly excised breast tissue using a
precision probe: (a) photograph of individual tissue samples (two adipose and two
non-adipose) in the experimental setup at UC; (b) photograph of a UW tissue
specimen illustrating the heterogeneous mixture of adipose (yellow) and fibro
connective/glandular (white) tissue. The black ink spots mark the measurement

sites (from [6]).
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Figure 2.3: Photograph of a UW tissue specimen showing malignant tissue (white
region, upper right) and normal adipose tissue (yellow region, lower left). The
black ink spots mark the measurement sites. The black ink around the perimeter

of the specimen denotes the margins of the excised tissue (from [7]).

Histological analysis (microscopic analysis) of the two-dimensional cross-
section containing the ink spot was used as an estimate of the tissue composition
in the three-dimensional volume sensed by the probe, and the pathologists
determined and recorded the dominant tissue type directly beneath the black ink.

For the reduction surgery study, the tissue was simply quantified in terms of
percentages of adipose, glandular and fibro-connective tissue.

On the other hand, for cancer surgery study, the samples were diagnosed as
either normal, benign or cancer. Then the tissue samples diagnosed as ‘normal’
were characterized in the same manner as the samples in the reduction surgery

study. The tissue samples diagnosed as ‘benign’ were characterized in terms of
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percentages of benign tissue. The tissue samples diagnosed as ‘cancer’ were
characterized in terms of percentages of invasive ductal carcinoma (IDC),
invasive lobular carcinoma (ILC), ductal carcinoma in situ (DCIS) and lobular
carcinoma in situ (LCIS). Also the percentage of necrotic tissue, if present, was
noted in each sample. It is to be noted that the majority of breast cancers arise in
the glandular region of the breast, and thus breast cancer tissue is effectively
malignant glandular tissue.

2.2.2. Data fitting and reduction

Lazebnik ef al. [6] chose the following one-pole Cole-Cole model to fit all
the experimental complex permittivity (& * ) data sets:

Ag o
e*(w)=¢'(w)—je"(0)=¢_+ 5
@)= (@) j&'@)= 6.+

(10)

Jog,
where @ is the angular frequency and &,, Ae, « and o are the model

parameters as discussed in (8). Parameter values for each complex-permittivity
data set corresponding to each characterized tissue sample were obtained by
minimizing the following criterion:

i( (@), - £ (o) J +i( £"(0),-£"(0) )2

'\ median[&'(@)] =\ median[&"(@)]
N
where N is the number of frequency points in the 0.5 GHz to 20 GHz range. It

)

was chosen as approximately N = 50 equally spaced frequency points. All fitting
and data analysis was accomplished using a statistical software package.

As the scale of the study is large and experimental errors are inevitable,
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there were some statistical tools and exclusionary criterions set up by Lazebnik et

al. [6] such as:

(a) Histology-based exclusionary criterion: Some of the histology slides were

considered of poor quality if: (a) black ink spot was missing; (b) black ink spot
was smeared on the tissue surface; and (c) the cross-sectional slice of sample was
somehow deformed during histological processing. This became the basis for
slide-based exclusionary criteria. 118 samples were excluded from reduction
surgery study leaving 370 samples for further analysis. In the cancer surgery
study, 159 samples were excluded based on this and this left 160 samples for
further analysis.

(b) Physics-based exclusionary criterion: A constraint was imposed that each data

set had to be reasonably consistent with Kramers-Kronig [see (1)] relation between the
real and imaginary parts of the complex permittivity. A total of 16 samples were
excluded in reduction surgery study, based on this, leaving 354 samples for final
analysis. For cancer surgery study, only 5 samples were excluded based on this
criterion leaving 155 samples from 119 patients for final analysis. These 155
samples were distributed as: 85 normal samples, 60 cancer samples and 10 benign
samples.
2.2.3. Data analysis

Several processes were employed to analyze the data. The first step the
group conducted was an inter-rater analysis to verify that the UW and UC

pathologists used similar methodology to evaluate the histology slides. This
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verification was a critical step towards ensuring that the data collected at UW and
UC could be consistently combined. Kappa statistic (a statistical measure used in
assessing the degree to which two or more raters, examining the same data, agree
when it comes to assigning the data to categories) was used to quantitatively
evaluate the agreement between pathologists. A kappa value of less than 0
indicates no agreement, while a kappa value of 1 indicates perfect agreement. The
kappa statistic computed for inter-rater analysis of reduction surgery study was
0.81, indicating very good agreement in the methodology utilized by the
pathologists at UW and UC. The kappa statistic calculated for the inter-rater
analysis of cancer surgery study was 0.75, indicating substantial agreement in the
methodology utilized by the pathologists at the two universities. Therefore, it was
concluded that the data from UW and UC could be combined into a single data
set.

To summarize the data in reduction surgery study, three groups of tissue
samples were formed. The three divisions were based only on the percent adipose
tissue content in each sample and were chosen to maximize the difference
between the groups and minimize the variability within the groups: (i) group 1
contained all samples with 0% to 30% adipose tissue (the high-water-content
group), (ii) group 2 contained all samples with 31% to 84% adipose tissue, and
(iii) group 3 contained all samples with 85% to 100% adipose tissue (the low-
water-content group). The samples had the following distribution: 99 samples in

group 1, 84 samples in group 2 and 171 samples in group 3. Group 3

39



M.A.Sc. Thesis — Aastha Trehan Chapter 2 McMaster University — ECE

(predominantly adipose tissue) was approximately half of the total number of
samples, with the combination of groups 1 and 2 (heterogeneous mixture of fibro-
connective, glandular and some adipose tissue) making up the other half. There
are two primary reasons for this skewed distribution: (a) the samples in this study
were obtained from breast reduction specimens that are inherently dominated by
the presence of adipose tissue, and (b) the protocol was designed to take
measurements at an adipose sample site and a fibro-connective/glandular sample
site for each excised specimen.

In the reduction surgery study, the median dielectric constant and the
effective conductivity dispersion curves were obtained for each of the three
groups by first calculating the fitted values for each sample in the group at N
equally spaced frequency points. Then the median value at each frequency point
was calculated across samples within the group. Finally, the Cole—Cole model
[see (10)] was used to fit these median values. The upper and lower quartiles
(25th and 75th percentiles) of the fitted curves in each group were also calculated
at 5 GHz, 10 GHz and 15 GHz to summarize the spread of the curves in each
group. To evaluate the sources of variability in the dielectric properties at 5 GHz,
10 GHz and 15 GHz, a nested analysis of variance (ANOVA) was used to
compare patient-to-patient variability, breast-to-breast variability within patient
and sample-to-sample variability within breast. The analysis was performed on
the tissue group 2 as it offered distributional assumptions required for the

analysis. A preliminary ANOVA was conducted to test whether the variability
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between breasts (within patient) was significantly larger than the variability
between samples (within breast). A second ANOVA was conducted to test
whether the variability between patients was larger than the variability between
samples within patients. For each of the three groups of varying adipose tissue
content, the effect of patient age, temperature and time from excision (the
predictors) on the dielectric properties was also analyzed.

In the cancer surgery study, for the normal tissue samples, three groups of
tissue samples were formed similar to the reduction surgery study. Whereas, in
cancer samples, the adipose and glandular tissue content was very low such that
83% of them contained 0% to 20% adipose tissue, and all 60 cancer samples
contained 10% or less glandular tissue. This is because the vast majority of cancer
tissues analyzed in this study originated within the glandular region of the breast,
so it is to be expected that these tumors contain very little adipose and normal
(non-malignant) glandular tissues. The term ‘malignant’ tissue referred to all
cancer types found in this study (IDC, ILC, DCIS and LCIS). Very few cancer
samples contained appreciable amounts of cancer types other than IDC. This is
due to the fact that IDC is the most prevalent type of breast cancer in women. The
next most prevalent cancer type was DCIS, where six samples contained 30% or
more malignancy and fifty-one samples had 0% to 10% malignancy. The
compositions of the other two cancer types in this study were very low: (i) LCIS
content ranged from 2% to 10% (two samples); and (ii) ILC content ranged from

1% to 10% (five samples).
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The Cole-Cole model was fitted to median values in the cancer surgery
study in the same manner as in reduction surgery study. Multivariate analysis of
variance (MANOVA) was used to compare the dielectric properties of normal and
malignant tissues at 5 GHz, 10 GHz and 15 GHz. For the malignant samples, the
samples that contained equal to or more than 30% malignancy were considered.
Three separate techniques were conducted during results comparison between
normal and malignant tissues and will be discussed later.

2.2.4. Results for dielectric parameters of various breast tissues

Figure 2.4 shows the Cole—Cole fits for the 354 tissue samples characterized
and analyzed in the reduction surgery study. This figure vividly illustrates the
important finding that the normal breast tissue dielectric properties span a large
range. At the low end, tissue dielectric properties are bounded by the properties of
lipids. At the high end, tissue dielectric properties are bounded by the properties
of physiological saline. This is to be expected since the water content of different
tissues in the breast varies from extremely low (pure adipose) to high (glandular
and fibro-connective). The tissue dielectric properties are not expected to reach
those of saline because even the highest-water-content biological tissue contains
less than about 80% water. The dielectric property curves are color-coded by their
tissue composition. In order of highest to lowest adipose content, the colors are
red, purple, blue, cyan and green. The dielectric parameters of Cole-Cole model
for the three adipose-defined groups from reduction surgery study are given in

Table 2.2, Table 2.3 and Table 2.4. Variability about the median values is given
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by 25" and 75™ percentile parameters. The group with intermediate dielectric
properties (group 2) displays the greatest variability in the dielectric properties
due to the large degree of tissue heterogeneity in this group.

Figure 2.5 shows the one-pole Cole—Cole curves for the 85 normal data sets
from cancer surgery study. Here also the dielectric properties of normal samples
span a very large range. Figure 2.6 and Figure 2.7 show the one-pole Cole—Cole
curves for the five UW benign samples and five UC benign samples, respectively.
The UW and UC benign cases were not combined into a single set because the
types of benign tissues differed at the two locations. There were four cystic cases
and one ductal hyperplasia case at UW, while all the benign cases at UC were
fibro-adenomas. Further statistical analysis on the dielectric properties of benign
tissues was not performed.

Figure 2.8 shows the one-pole Cole—Cole curves for the 60 cancer data sets.
The majority of the Cole—Cole curves for the cancer samples are green (low
adipose content), and are found towards the higher end of the dielectric-property
range. In all these figures, the curves for dielectric properties of blood are also
shown, which lie in the high range cluster. Table 2.5, Table 2.6 and Table 2.7 give
the Cole-Cole parameters for three groups of normal samples in the cancer
surgery study. Table 2.8 gives the Cole-Cole parameters of malignant tissue (49

samples with 30% or more malignancy).
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Effective conductivity (S/m)

10 15
Frequency (GHz)
(a) (b)
Figure 2.4: One-pole Cole—Cole fits to 354 dielectric properties data sets of

reduction surgery study: (a) dielectric constant; (b) effective conductivity. The
dashed (lower) black curve corresponds to the dielectric properties of lipid, and
the dash-dot (upper) black curve corresponds to the dielectric properties of

physiological saline (from [6] ).
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TABLE 2.2: COLE-COLE PARAMETERS FOR GROUP 1 FROM REDUCTION SURGERY

STuDY.
Percentile &, Ag 7 (ps) o oy
| | (S/m)
25th 9941 2660  10.90 0.003 0.462
soth 7821 4148 1066 0047 0713
75th 6.151 | 4826 | 10.26 0.049 0.809

TABLE 2.3: COLE-COLE PARAMETERS FOR GROUP 2 FROM REDUCTION SURGERY

StuDY.
Percentile g Ag T (ps) o T
(S/m)
25th 8.718 17.51 13.17 0.077 0.293
50th 5.573 34.57 9.149 0.095  0.524
75th 5.157 45.81 8.731 0.091 0.766

TABLE 2.4: COLE-COLE PARAMETERS FOR GROUP 3 FROM REDUCTION SURGERY

STuDY.
Percentile £, Ag 7 (ps) o oy
(S/m)
25th 2.908 1.2 16.88 0.069 0.020
~ 50th 3.140 1708 14.65 0.061 0036
""" 75th 4.031 3.654 1412 0.055 0083
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Dielectric constant
Effactive conductivity {S/m)

Fraquency (GHz)

() (b)
Figure 2.5: One-pole Cole-Cole fits to the 85 normal data sets from cancer
surgery study: (a) dielectric constant; (b) effective conductivity. The curves are
color coded based on the amount of adipose tissue present in each sample. The
solid black (upper) curve represents the dielectric properties of saline, the dashed
black (lower) curve represents the dielectric properties of lipids, and the dash-dot

black (middle) curve represents the dielectric properties of blood (from [7]).
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Figure 2.6: One-pole Cole—Cole fits to the five UW benign data sets (four cystic
cases, solid lines, and one ductal hyperplasia case, dotted line): (a) dielectric

constant; (b) effective conductivity. The black curves are as in Figure 2.5 (from

[7D).

8

3

Diele ctric constant
8
Effactive conductivity (Sm)
o
(=1

0t 10
| el od bl abolecinde 0
5 10 15 2
Fraquency (GHz) Fraquency (GHz)
(a) (b)

Figure 2.7: One-pole Cole—Cole fits to the five UC benign data sets (all fibro
adenomas): (a) dielectric constant; (b) effective conductivity. The black curves

are in Figure 2.5 (from [7]).
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Figure 2.8: One-pole Cole—Cole fits to the 60 cancer data sets: (a) dielectric

constant; (b) effective conductivity. The black curves are as in Figure 2.5 (from

(7).

TABLE 2.5: COLE-COLE PARAMETERS FOR GROUP 1 FROM CANCER SURGERY

STuDY.
Percentile £, Ag 7 (ps) a o
(S/m)
25th 5.013 40.6 10.16 0.091 0.607
50th 7.237 46.0 10.3 0.049 0808
75th 7.816 50.21 10.47 0.055  0.889
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TABLE 2.6: COLE-COLE PARAMETERS FOR GROUP 2 FROM CANCER SURGERY

StuDY.
Percentile £, Ag 7 (ps) o oy
(S/m)
25th 3.891 4.113 13.83 0.038 0.082
~ 50th 6.080 19.26 11.47 0.057 0297
75th 6381 3230 1041  0.081 0.561

TABLE 2.7: COLE-COLE PARAMETERS FOR GROUP 3 FROM CANCER SURGERY

STUDY.
Percentile g, Ag 7 (ps) o o
(S/m)
25th 3.122 2.133 14.27 0.099 0.034
50th 3.581 3.337 1521  0.052 0.053
75th 3.882 5.020 12.92 0.059 0.103

TABLE 2.8: COLE-COLE PARAMETERS FOR 49 CANCER SAMPLES THAT CONTAIN
30% OR GREATER MALIGNANT TISSUE CONTENT.

Percentile g Ag 7 (ps) o oy
(S/m)
25th 7.670 43.92 10.70 0.028 0.748
50th 6749 50.09 10.5 ~0.051 0.794
75th © 9058 5131 1084 0.022 0.899
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2.2.5. Sources of variability within each study

(a) Patient variability: Breast-to-breast and sample-to-sample variability
specific to a patient was not statistically significant. Patient-to-patient and sample-
to-sample variability among patients also showed no significant variability. There
were small differences in standard deviations in the dielectric properties;
however, these differences were judged not to have engineering importance in the
light of the overall span of dielectric property values and no further analysis was
done on the same.

(b) Age. temperature and time variability: When considering the effects of

patient age, temperature and time between excision and measurement on the
dielectric spectroscopy data, the effect of adipose content was first adjusted as this
was always statistically significant even though the samples being analyzed were
restricted to one of the three adipose-defined groups for normal samples in both
studies. Patient age and sample temperature did not show any identifiable pattern.
However, a statistically significant trend between the dielectric properties and the
time post excision was observed for the 85%—-100% adipose group. Both the
dielectric constant and the effective conductivity decrease as the time between
tissue excision and measurement increases. For example, at 5 GHz, the median
dielectric constant for the samples that were characterized 0 to 50 min post-
excision was about 6, while the median dielectric constant for the samples where
250 min to 300 min elapsed post excision, was about 4. Similarly, the effective

conductivity decreased from about 0.4 S/m to about 0.1 S/m in this time range.

50



M.A.Sc. Thesis — Aastha Trehan Chapter 2 McMaster University — ECE

While this trend was statistically significant, the magnitude of the change is
negligible compared to the much larger (by more than an order-of-magnitude)
range of properties spanned by all tissue groups (0%—100% adipose) in the breast.
Consequently, it was concluded that this trend is not important from an
engineering point of view. The conclusions drawn from such studies are not
expected to depend on a specific value of the dielectric constant and effective
conductivity of the adipose tissue region (whether 6 or 4 for dielectric constant)
but rather on the contrast of those values with the dielectric properties of breast
regions that have little adipose content (associated with higher dielectric constant
and effective conductivity). This trend was not observed for the other two
adipose-defined tissue groups with higher water contents. It is suggested that the
extracellular water is more dominant than the intracellular water in adipose tissue,
whereas the opposite is true of non-adipose tissue. Hence, it can be hypothesized
that the extracellular water was lost due to desiccation faster in adipose tissue
samples than the intracellular water that is contained within cellular membranes in
non-adipose tissues.

Thus, no trend was considered of engineering importance based on sample
variability, patient’s age, sample temperature, and time between excision and
measurement, for both studies.

2.2.6. Variability in dielectric parameters within the two studies and within

tissue groups

(a) Variability in normal samples within the two studies: The normal samples
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obtained from cancer surgery study were distributed across the three adipose
defined tissue groups as follows: (i) group 1 contained 39 samples, (ii) group 2
had 16 samples, and (iii) group 3 contained 30 samples. In comparison, the
distribution of normal samples obtained from reduction surgeries was as follows:
(i) group 1 had 99 samples, (ii) group 2 contained 84 samples and (iii) group 3
had 171 samples. Statistically significant differences were observed in the
dielectric properties of the normal samples obtained from reduction and cancer
surgeries for all the three adipose-defined tissue groups. The differences in the
dielectric properties for groups 1 and 3 are small in light of the variability of the
dielectric properties of individual curves, and thus do not signify the presence of
any important bias. The plot of the median dielectric properties in the UWB for
group 1 is shown in Figure 2.9 and for group 3 is shown in Figure 2.11. The
values of the parameters for the Cole-Cole model is particularly close for the
median (or 50th percentile) values (compare Table 2.2 with Table 2.5 and Table
2.4 with Table 2.7). In contrast, the differences in the dielectric properties for
group 2 for breast tissues obtained from reduction and cancer surgeries are larger.
The Cole—Cole curves for the median dielectric properties of group 2 for samples
obtained from cancer surgeries are substantially lower than the Cole—Cole curves
for the median dielectric properties of this group for samples obtained from
reduction surgeries. The plot of the median dielectric properties in the UWB for
group 2 is shown in Figure 2.10. This difference is attributed to two factors. First,

the number of samples contributing to the medians is very different - 84 samples
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for the breast reduction surgery study database and 16 samples for the cancer
surgery study database. The median estimated from a smaller number of samples
is likely to be less accurate than the median estimated from a larger number of
samples. Secondly, the distribution of tissue compositions for the samples
obtained from reduction and cancer surgeries are skewed. Samples containing
51%—-84% adipose tissue make up three-fourths of all normal samples obtained
from cancer surgeries, while they make up only half of all normal samples
obtained from reduction surgeries. Specifically, since measurements collected on
normal samples in cancer surgery study was away from the site of the tumor, and
since all of the breast cancers considered in the study arise in the glandular tissue,
it follows that the normal tissue samples characterized in cancer surgery study had
higher adipose contents than the normal tissue samples characterized in the
reduction surgery study. Since more of the samples in the intermediate group
obtained from cancer surgeries have higher adipose contents than the samples
obtained from reduction surgeries, it is expected that the median dielectric

properties of these samples is lower.
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Figure 2.9: Comparison for group 1 normal samples from cancer surgery study

and reduction surgery study. The solid line is for data from the cancer surgery

study and dashed line is for data from the reduction surgery study. The top graph

is for dielectric constant and the bottom graph is for effective conductivity.

54



McMaster University — ECE

Chapter 2

M.A.Sc. Thesis — Aastha Trehan

T I I T
B - TN S N

B 0
e 8 Bt S e ]

g7 | | "

1
-7 A R R
N [RTE SRS S —
N N I T

JUEISUOD SLI[RIP

11

10

8

¥/

frequency (GHz)

6

~ datafro

1 o s N e e

7
6
5
4
3
|

(W/S) AIAIONPUOD AR

1.4_’_,,_

11

8

-
frequency (GHz)

Figure 2.10: Comparison for group 2 normal samples from the cancer surgery

6

study and reduction surgery study. The solid line is for data from the cancer

surgery study and the dashed line is for data from the reduction surgery study.

The top graph is for dielectric constant and the bottom graph is for effective
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Figure 2.11: Comparison for group 3 normal samples from the cancer surgery

study and reduction surgery study. The solid line is for data from the cancer

surgery study and the dashed line is for data from the reduction surgery study.

The top graph is for dielectric constant and the bottom graph is for effective
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(b) Contrast between malignant and normal samples: The plot of the dielectric

properties of malignant samples is given in Figure 2.12. To conduct comparison

between the dielectric properties of malignant and normal samples, three

techniques were utilized.
(i) Technique 1 — Adjusting for adipose content. In this way, the
considered normal samples had a maximum adipose content of 10%. 28
normal samples (primarily glandular or fibro-connective tissues) were
compared with 37 cancer samples. The mean contrast was found to be
about 7.9% for the dielectric constant and about 10% for the effective
conductivity with the highest of 11.7% obtained for the effective
conductivity at 15 GHz. Even if perfusion of blood is considered in vivo for
malignancy, owing to angiogenesis, it cannot affect too much the dielectric
contrast. This is because the dielectric-property curves for the cancer
surgery study shows blood among a cluster of curves for malignant samples
in Figure 2.5.
(ii) Technique 2 - Adjusting for adipose and fibro-connective tissue
contents. No statistically significant differences between the dielectric
properties of normal and cancer samples was found when the samples with
maximum adipose content of 10% were considered, which were also
adjusted for fibro-connective tissue content. By adjusting for fibro-
connective tissue content, a direct comparison of the dielectric properties of

normal glandular and malignant glandular tissues is conducted in the breast.
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Figure 2.12: Median dielectric properties curves for malignant samples from the

cancer surgery study. The top graph is for dielectric constant and the bottom

graph is for effective conductivity.
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(iii) Technique 3 — Not adjusting for adipose or fibro-connective tissues
contents. This analysis included 49 cancer samples and all 85 normal
samples. Both mean dielectric constant and effective conductivity of the
cancer samples were consistently 40% to 50% larger than those of the
normal samples. However, it needs to be noted that 30% of the normal
samples analyzed in this technique have adipose contents of 90% to 100%
while none of cancer samples have high adipose content. This reveals that
there is a large dielectric contrast between normal adipose-dominated
tissues and malignant glandular tissues in the breast. This contrast is about
10:1 which is huge compared to the contrast obtained from the first two

techniques.

2.2.7. Comparison with previous studies

Figure 2.13 shows the median curves (lines) for the three tissue groups from
reduction surgery study in comparison with the data points (symbols) reported in
three earlier studies (Chaudhary et al. [9], Surowiec ef al. [10], Joines et al. [12]).
The earlier data are bounded from below by the median curve for high-adipose-
content breast tissue in this recent study, and from above by the median curve for
low-adipose content breast tissue. The dielectric constant and effective
conductivity values for the normal breast tissue reported in the recent study span a
much larger range than those reported in the previous smaller-scale studies, with

the exception of Campbell et al. [11]. The vertical arrows in Figure 2.13 represent
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the data range reported in Campbell ez al. [11] at 3.2 GHz for adipose tissue (solid
lines) and normal tissue (dashed lines), defined as a mixture of glandular and
connective tissues. The substantial heterogeneity observed in the wideband data
from this large-scale study (reduction surgery study) as well as the single-
frequency data from the smaller study in [11] had not been noted in other previous
studies because the tissue source for earlier studies was primarily cancer
surgeries. In order to characterize the dielectric properties of normal tissue in such
specimens, it would have been necessary to characterize a region of tissue away
from the tumor. Since breast cancer arises in glandular tissues, a site distinct from
the tumor would likely have higher adipose content, leading to the lower and
more homogeneous dielectric properties values reported in several of the earlier
studies.

Figure 2.14 shows the median curves (lines) of the cancer samples
characterized in cancer surgery study with samples that had 30% or more
malignant tissue content in comparison with the data points (symbols) that
represent results published in three earlier studies (Chaudhary et al. [9], Surowiec
et al. [10], Joines et al. [12]) for malignant breast tissues. The median dielectric
properties for breast cancer samples reported in this recent study fall near the top

of the range given in Campbell ef al. [11] and agree well with the other studies.
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Figure 2.13: Comparison of data from reduction surgery study with previous
studies. Lines are median dielectric properties of the three adipose-defined tissue
groups from the recent study (dash-dot line: group 1, dashed line: group 2, solid
line: group 3). Symbols are for normal breast tissue dielectric properties published
previously (°: Chaudhary et al., x: Surowiec et al., *: Joines et al.). Vertical
arrows: range of data reported by Campbell ef al. at 3.2 GHz for adipose (solid

lines) and normal (dashed lines) breast tissues (from [7]).
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Figure 2.14: Comparison of data from cancer surgery study with previous studies.
Lines are median dielectric properties of the cancer samples from the recent study
with 30% or greater malignant tissue content. Symbols are malignant breast tissue
dielectric properties published previously (o: Chaudhary ef al., x: Surowiec et al.,
*: Joines ef al.). Vertical arrows: range of data reported by Campbell et al. at 3.2

GHz for malignant tissues (from [7]).

Some of the previously published small-scale studies reported considerable
dielectric-property contrast between normal and malignant breast tissues at
microwave frequencies. For example, Joines ef al. [12], who analyzed 12
measurements on normal breast tissue and 12 measurements on malignant breast
tissue, found

that the dielectric properties of malignant tissues were

approximately 200%-500% greater than the dielectric properties of normal tissues
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at 900 MHz. From current results (technique 3 in cancer surgery study) it can be
speculated that the normal tissues in these small-scale studies may have had
significant adipose content. As a result, the contrasts reported in these studies
were likely dielectric-property contrasts between normal adipose tissue and
malignant glandular tissue. In contrast, Campbell ez al. [11], who analyzed 22
normal and 41 diseased (malignant or benign) tissue samples at 3.2 GHz and
distinguished between normal high-water-content tissue and adipose tissue in the
breast, concluded that there was very little contrast between the dielectric
properties of normal and diseased breast tissue. This conclusion is consistent with
the results of the statistical analysis done by using two of the three techniques in
the cancer surgery study (technique 1 and technique 2).

2.2.8. Conclusions from these studies

To conclude, these two studies have been very instrumental in establishing
the database of the dielectric properties of various breast tissues in the range from
0.5 GHz and 20 GHz. One of the important findings is that breast tissue
heterogeneity must be accounted for not only at the macroscopic (centimeter)
scale but also at the microscopic (sub-millimeter) scale. The compact Cole—Cole
representation for the wideband dielectric property makes it possible to readily
incorporate accurate dielectric-properties values into numerical and experimental
breast phantoms to be used in the development of microwave breast imaging and
breast cancer detection, monitoring, and treatment applications.

While this thesis had been written, results regarding differences between in
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vivo and ex vivo measurements emerged in a new study [16]. The group at
Dartmouth College conducted electrical impedance spectroscopy (from 100 Hz to
100 MHz) and microwave impedance spectroscopy (from 0.1 GHz to 8.5 GHz) on
six patients undergoing cancer surgery where microwave imaging was done a
week prior to the surgery, and both in vivo and ex vivo spectroscopy studies were
done before and after the surgery. The tissue samples were mainly the excised
malignant and fibro-cystic tissues. For further details on the protocols and
methods refer to [16]. As mentioned with earlier studies (in sub-section 2.1), this
group has again concluded with the latest correlation study [16] that there is a
difference in both conductivity and permittivity by 20% and higher of excised
tissues compared with in vivo tissues. This arises mainly from temperature
changes, tissue dehydration and ischemic effects. In fact the predominant property
changes occur immediately (within seconds) following tissue removal. Whereas,
in the studies by Lazebnik et al. [6]-[7], the measurements were done between 5
minutes to 5 hours post-excision of tissues. On the other hand, it can be argued
that all the samples undergo changes after excision and the respective dielectric-
property contrast remains more or less the same. But knowing the heterogeneity
of human breast, these changes can also be heterogeneous in nature depending on
the tissue type. There is more room for work in this area, but for now there are no
models fitted to in vivo tissue dielectric parameters and the models available to be
used in breast phantoms for simulations and experiments are from the ex vivo

measurements.
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3) DIELECTRIC PARAMETERS FOR NUMERICAL BREAST
PHANTOMS
3.1. Dielectric Parameters for Skin

The effect of breast skin on the electromagnetic scattering in the microwave
region is important. Thus, it must be properly included in the numerical breast
phantoms. Ignoring the presence of skin in the numerical models can introduce
errors according to [17]. The thickness of the skin is not constant at all locations
on the human breast and nominally ranges from 0.5 mm to 2.7 mm [18].
However, skin is very hard to detect even in magnetic resonance images (MRI).
Hence, an assumption has to be made about a uniform skin thickness in numerical
phantoms. Winters ef al. [19] carried out simulations with various skin
thicknesses and proved that assuming a uniform thickness of 2 mm is the most
appropriate in image reconstruction algorithms and gives least errors. The
dielectric properties of the skin depend on the moisture content [5]. The 4-pole
Cole-Cole model [# = 4 in (9)] for dry skin and wet skin is given in [5] for the
frequency range from 10 Hz to 100 GHz. It is shown in Table 2.9. Wet skin has
higher permittivity compared with dry skin. The plot in Figure 2.15 shows this
comparison.

For dry skin model, a one-pole Debye model [# =1 in (7)] is given in [19]
for the frequency range from 1.67 GHz to 11.1 GHz. Also, one-pole Debye model
is given for the wet skin model but it is in the frequency range from 0.5 GHz to

2.5 GHz. Hence, it has to be extrapolated for a higher frequency range. An
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average between the dry and wet skin models, called damp skin model, has also
been given in [19]. It is suggested by Winters et al. [19] that damp skin model is
effective when no a priori information regarding skin moisture content is
available. However, this model is also fitted to a frequency range below 3 GHz.

These Debye models with one pole are given in Table 2.10.
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Figure 2.15: Comparison between four-pole Cole-Cole model of dry skin and wet
skin from Gabriel ef al. [5]. The dashed lines are for dry skin model and the solid

lines are for the wet skin model.
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TABLE 2.9: FOUR-POLE COLE-COLE MODEL FOR SKIN FROM GABRIEL ET AL. [5].

Tissue type Dry skin Wet skin
m

£, -+ 4
’ Y R . 39
] 7, (PS) 7.96 7.23
o, 0.0 0.10
i As, LLLLETES BT TETETT 280
7, (NS) (REESEREL [ RESSEEEN 79.58
a, 0.2 0.0
Aeg, 0.0 3E4
e - s
BT ik 10
IENEENE R T LGE ELLLLLLLLLY el )
M = NA 1592
«,  NA " 0.2
o, (SM) R 0.0004

TABLE 2.10: ONE-POLE DEBYE MODEL FOR SKIN FROM WINTERS ET AL. [19].

Tissue type Dry skin Wet skin Damp skin
Parameters

£, 4 33.9 33.4
As 33 13.5 12.1

7 (PS) 7.23 51.0 64.2
o, (S/M) 140 0.658 0.663
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3.2.  Dielectric Parameters for Muscle

Muscle is a widely studied tissue for its electrical properties but mostly at
lower frequencies for hyperthermia applications. In the low frequency range,
muscle tissue even exhibits anisotropy. At high frequencies, it behaves as a high-
water content tissue with high permittivity and conductivity. In fact, muscle and
malignant tissues are considered very close in dielectric properties. Muscle tissue
is often a component in numerical and physical breast phantoms representing the
muscle layer at the rib cage called pectoralis major. A four-pole Cole-Cole model
is given for muscle in [5] for the frequency range from 10 Hz to 100 GHz. The
parameters are listed in Table 2.11 for the same. Also, a two-pole Debye model [»
=2 in (7)] for average muscle tissue is given in [20] for the frequency range from

100 MHz to 6 GHz. It is given in Table 2.12.
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TABLE 2.11: FOUR-POLE COLE-COLE MODEL FOR MUSCLE FROM GABRIEL ET AL.

[5].

Tissue type Muscle
m

g, -4
Ag, 50
7, (PS) 7.23
a, 0.1
As, 7000
7, (NS) 353.68
@, 0.1
Ag, 1.2E6
7, (1S) 318.12
a, 0.1
Ag, 2.5e7
7, (MS) 2.274
a, 0.0
o, (S/M) 0.2
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TABLE 2.12: TWO-POLE DEBYE MODEL FOR MUSCLE FROM WUNER ET AL. [19].

W Muscle
Parameters

= 21.0151
—— 34.2007
e 12.0813

o . (7PS) 13.56
RS 0.74791

o, (SM)  0.69874

3.3. Dielectric Parameters for Breast Interior

It has been concluded that the main tissues important to model the
heterogeneous human breast in a microwave simulation are: fibro-connective-
glandular tissue, transitional tissue, and adipose fatty tissue corresponding to
group 1, group 2 and group 3, respectively, from the studies by Lazebnik ef al.
[6]-[7]. These three tissues were distinguished by examining the percentage of
adipose fat content as discussed before. The model that was fitted in the large-
scale experimental study was one-pole Cole-Cole model. However, a simpler one-
pole Debye model [# = 1 in (7)] valid from 3.1 GHz to 10.6 GHz has been
proposed by Lazebnik ef al. in [21]. The proposed Debye models provide a means
for creating computationally efficient FDTD breast models with realistic
wideband dielectric properties. The parameters for the model for the three groups

are given in Table 2.13.
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TABLE 2.13: ONE-POLE DEBYE MODELS FOR THREE ADIPOSE DEFINED NORMAL

TiSSUE GROUPS AND MALIGNANT TISSUE [21].

\'%ty}:)e\ Group 1 Group 2 Group 3 Malignant
Parameter

£, 7.82 5.57 3.14 6.75

Ae 4014 3256 161 4835
Cr(ps) 1062 924 1411 1047
oy (Sm) 071 052  003% 079

The Debye model has been fitted to the median curves (50" percentile)
shown in Tables 2.2, 2.3, 2.4, (reduction surgery study) and Table 2.8 (cancer
surgery study). This implies that the normal tissue dielectric properties from the
reduction surgery study form the baseline for healthy normal tissues in human
breast and their differences from normal tissue groups in cancer surgery study
(which was especially high for group 2) is ignored. Figure 2.16 shows the curves
for one-pole Cole-Cole model from Table 2.2 and one-pole Debye model for
group 1 from Table 2.13, plotted together. Figure 2.17 shows the curves for one-
pole Cole-Cole model from Table 2.3 and one-pole Debye model for group 2
from Table 2.13, plotted together. Figure 2.18 shows the curves for one-pole
Cole-Cole model from Table 2.4 and one-pole Debye model for group 3 from
Table 2.13, plotted together. Figure 2.19 shows the curves for one-pole Cole-Cole
model from Table 2.8 and one-pole Debye model for malignant tissue from Table
2.13 plotted together. All the plots show good match in the FCC allocated UWB.
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The one-pole Debye models listed in Table 2.13 are therefore good to be used in
simulations to assign dielectric properties to the interior of the breast in numerical

phantoms.

72



McMaster University — ECE

Chapter 2

M.A.Sc. Thesis — Aastha Trehan

1

T T T T T T ¥ b ! T T T T T

| | | | | | /N N 1 | | | |

1 [ [ | l [ /1 s l 1 1 1 |

| 1 ! | ! | 1 1\ | ! 1 1 1

1 l [ 1 i 1 1 1\ 1 | [ [ 1

\ 4

1 1 | | [ [ [ | \ | | [ | [
T D it ress=r====r== \A_‘\\llll—llll{m S5 e ] \Iyzll._ llllll R | | e =) [

1 ! | I 1 Yy 1 | ) ] I I I

| | | 1 | \\_ 1 | \ | | | |

1 1 | 1 [ /o | | N\t | 1 | 1

I I I i T o b I R i | | |
\\\\\ e abocaalboeeabooa Lo 1 _ o RN | SRS RN ) ¢ 7Rt | IS L | ORI e L (S

I | | | _\ I 1 1 \ 1 1 1 I

| | | | V/ | | | N\ | | | |

| | | | A | " | N | | | l

| 1 | 1 A1 i | N 1 l 1

1 | | i 1 | b | \y | | | 1
||||| PR S A S = PRy () = (R ) | SO ool 0D S s e i s s e s e e R S ]

| | | "/ 1 | — m.. | /., | | 1

| | | | S 1 I ] | (k. | | |

1 | | ) | | m k 1 (™ | I |

| | I /1 | | 1 ! I I !

| | | / ! | o - m; | | | | |
<<<<< i o ant da Bl LT LT = | - S S T [PPSR (NN PR

I | [ 3 1 1 1 = m \

/ —= .w 1 1 \ ! | |

“ 1 [ | 1 1 ﬁw o 1 | \! | 1

! [ 1 ! | 1 i | X 1 |

| | W | | | p.u Q () m | | N\ | l

| | A 1 1 | P - .w | | (BN | 1
\\\\\ e e e e T -+ © I|® e B e e e R

| I / | 1 | | T | | [} \ I !

| T | | | [0 | | | \ ! I

| ! / ! | | | A ! | 1 N 1 |

| 1\ A | | 1 | | [ 1 | 1

l 1/ 1 1 1 | | 0 [ [ | \ 1
||||| i G e e e | N - SEEREaasSsgeesEegmSEEENRSSTEg RS = e

l 4 | i I | % | | | 1\ |

| 1 1 ! | | 1 ' 1 | 1 ~/. 1

l | | | 1 1 1 7 1 | | | |

| / ] 1 ! ! ] 1 ] | 1 1 \ 1

||||| . Aoy, Henemiia] S wmps N IRUINO S IsRegiy || Jissiapesiou) PRSERRIN| [y | | i | 3 |
17 | i i i 1 i < 5 & Ity | T AR SRS . s e

1/ ! ! ! ! ! ! | | | 1 | [

A l [ 1 1 | ' | | | 1 | 1

4 ! | ! ! | ! | | | | | A\

‘\.\_ | | | | | | | 1 | l l Yl

— L L 1 L I I L ™ L 1L L 1 L {

— = =~

1

Figure 2.16: Comparison of the Cole-Cole model from [6] with the simple Debye
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Figure 2.17: Comparison of the Cole-Cole model from [6] with the simple Debye
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model from [21] fitted to the dielectric properties for group 2 in the UWB.



McMaster University — ECE

Chapter 2

M.A.Sc. Thesis — Aastha Trehan

— X ] T T T T T
T _\.\ -— | \ M 1 I I I |
i / | Nl l I [ | | ! 1
I | | | ! I 1/ | NE | | | | | | |
| | | | 1 I A | i | | 1 | | l |
n ! | | | | /1 | N | | | | | | |
| | | | | tA i B m e st Aot b o o om B om0 o ]
L e o el o e oo e (R il o, s rr<1|+|.c\r..w|||1m | N | | | | | |
—_ m “ " " ” “ \\ " ! I /./. 1 | | | | |
o ' | At 1 [ | | ! 1
L I | | | 1/ l 1 | [ | | | i | [
| | | 1 \ | 1 | 1\ l 1 | | i 1
[ 1 | 1 { L P ko g Femmm bk N\A— k== — - m o ——mpmmmpm = = — ]
~* & R SR F-——- e e S === =] » _— N\ | | | | |
l | | 1 7 | R
o) m | l | | \ 1 | " " /‘_, _ " v " “
nw | | ' _\a [ 1 | l N\ [ ! | | |
3 (0] | | I 1/ | | — | | AN | | | |
W,. 1 | | [ 1 B Sl e nl bl shal " s ettt TnEm el ettt Bach b il BEE O
= w. &»ww_ 111111 = = Q.w\.\\.r\rrA||||._|r\\I8 m 2 | 1 | N 1 ' 1 [
1 ! 1 ! | l ml | | | 4 [ [ | [
[ | | S 1 | T | I | N | | | 1
| [ l )| 7 1 [ l | l l [ | [ 1 [
7 | ! "/ 1 [ l 2 m | | | _/”, | [ ! [
o | V/ | | | [ OI‘\III_\r\iﬂlllﬂr\/4\1|A|||4|!\4|||I
| i 1x_..|||n}|r\~_,1|||._.||r:;_ ||||| P= ﬁw o ! 1 I | N\ | l 1
1 I /i 1 1 | | | | I
' | | £ | | | k |w,. | | | _ ”,/ “ “ “
4 N
[ [ | | l 1 | | 1 | | I | 1
| | v/ | | | | | | | | P\ ! | !
N e o A A R I S B © r B dhabi SRR et . et Sttt Satalat
| | , T T T T | | | | [ N | !
“ “ \" ” “ " " | | | | | i | |
| 1 1 | | | l 1
1 1 / | | i [ 1 | | i I | [ [ \ ! [
! _\\ { d ; ! N T | P U RSN P S SRR WS, - ORI, .
frmem el R s et Letls LEEEL E s o | “ | | " i | B
| N | [ | 1 1 | | | | | | [ 1S\ 1
[ 71 | 1 l | | | l I | | [ [ | \ !
[ 1 | [ 1 1 I | 1 | | 1 [ 1 1 Nt
| | | | | | | R O O A A S SO
xxxxx = it el Rl Rl et bl St & | ; ” i _ i _ TN
/ [ | 1 1 | N\
i/ | I | I | | | | I | | | | | N\
A | | 1 | | 1 | | 1 1 | 1 | [ | \
/1 | | 1 | | [ | 1 1 l | | | 1 l N
/ " " l [ l | | L L 1 1 L 1 1 1 L DN
- L L ! L L ™ ©O 'e] < (30} N 19} -
™~ © © < ™ N - < ® o 8 oS _.% [} A o § = ST o
< ~ < < < < < o o o o © ©

11

10

Figure 2.18: Comparison of the Cole-Cole model from [6] with the simple Debye
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Figure 2.19: Comparison of the Cole-Cole model from [7] with the simple Debye

model from [21] fitted to the dielectric properties for the malignant group in the

UWB.
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4) MECHANISMS OF MALIGNANY

Malignancy has some unique features. For microwave measurements, the
foremost is its dielectric contrast with healthy tissues. However, as it has been
discussed, this contrast is not significant when malignant tissue is compared to the
healthy glandular tissue, where it usually develops. The maximum difference is of
the order of 10% and it is in effective conductivity. Hence, it would be beneficial
to enlist some of the mechanisms related to malignancy in theory that can explain
the reason for malignant tissue’s hyper-conductivity. This can also give us some
idea about how to exploit the differences between malignant and healthy tissues to
in hybrid modalities for detection.
4.1.  Electrical and Mechanical Mechanisms

A variety of factors have been listed in [2] and [4] to explain the differences
in the dielectric properties of normal tissues compared with malignant tissues
such as:
(a) Necrosis: Inflammation and injured cells found in malignant breast tissues
lead to breakdown of cell membranes, such that a larger fraction of the tissues can
carry current at low frequency. At these frequencies, experimental studies show
that necrosis yields 5 to 10-fold higher conductivity while permittivity is
generally smaller than that of the normal tissue [2].

(b) Charging of the cell membrane: In breast carcinoma, there is a progressive

replacement of fat lobules with fibroblastic proliferation and epithelial cells. This

is accompanied by a variety of alterations at the transformed cell surface. Cancer
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cells have reduced membrane potentials and tend to have altered ability to absorb
positive ions (such as micro-calcifications) developing a higher negative surface
charge on their membranes. Accordingly, conductivity of the malignant tissues is

increased with this mobile charge being displaced and rotated by the microwave

field [4].

(c) Relaxation times: The relaxation times in malignant tissues are larger than
those in normal tissue, indicating that a significant increase in the motional
freedom of water has occurred [4].

(d) Sodium concentration and water content: The sodium concentration in

tumor cells is higher than in normal cells. The excessive sodium concentration not
only affects the cell membrane potentials, but also causes malignant tissue to
retain more fluid. The fluid is retained in the form of bound water, which has
larger values of dielectric constant and conductivity than free water [4].

Another mechanism related with malignant tissues is that corresponding
mechanical properties such as elasticity and stiffness. Samani ef al. [22] have
developed specialized techniques to measure the elasticity of tissue samples and
applied them to measure 169 fresh ex vivo breast tissue samples including fat and
fibro-glandular tissue as well as a range of benign and malignant breast tumor
types. Results show that, under small deformation conditions, the elastic modulus
of normal breast fat and fibro-glandular tissues are similar while fibro-adenomas
are approximately twice the stiffness. Fibrocystic disease and malignant tumors

exhibit a 3—6-fold increased stiffness, with high grade invasive ductal carcinoma
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(IDC) exhibiting up to a 13-fold increase in stiffness compared to fibro- glandular
tissue. Their work is related to an imaging technique called elastography, which
has been developed over the last two decades to measure elastic modulus of soft
tissues. It is a more quantitative alternative to manual palpation that is commonly
used as a means to detect breast caner (as in breast self-examination techniques).
For more details on elastography refer to [22]. The reason for higher stiffness in
the malignant region is contemplated to be the high interstitial pressure in the
malignant tissues owing to rapid multiplication of cells and angiogenesis that
creates blood and ionic flow in the region. However, malignant cells do not have
their own lymphatic system (available to all normal healthy tissues) to get rid of
extra fluids and metabolic waste materials cumulated during cellular processes.
This creates pressure and stiffness in the malignant region. This information was
acquired in the Medical Imaging course at McMaster University. Interestingly,
elastography is being followed upon by researchers in breast microwave imaging
very recently for a hybrid elasticity-dielectric detection modality.
4.2.  Physical Mechanisms

This section aims to help with determining the type, shape and location of
malignant-tumor simulants in numerical breast phantoms. The first major
distinction to be noted is that between benign and malignant tumors. Benign
tumors are more regularly shaped solid lumps that do not metastasize but can
cause discomfort such as pain. Malignant tumors have irregular shapes and they

cause fatal cancers. The differences in shapes and interfaces of these tumors are
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shown in Figure 2.20 and Figure 2.21, taken from [23]. A general trend is that
tumors with ill-defined boundaries and irregular shape are strongly associated

with malignancy.

."/\

Round Oval Lobuluted Trrcgular  Spiculated

architectural

distortion

Figure 2.20: The various shapes of breast masses. The last two are strongly

associated with malignancy (from [23]).

Obscured W-delined

Crircumscenbed Microlobulated Spiculated

Figure 2.21: The various margins of lesions found in breast. The last three are

strongly associated with malignancy (from [23]).
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The following diagram in Figure 2.22, taken from [24], shows the incidence
and probability of malignant tumors in the breast. This can be helpful in trying

various locations in simulation models.

Andrea Westinghu.

Distribution of
Breast Carcinomas

Figure 2.22: Location and probability of carcinomas in the breast (from [24]).
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CHAPTER 3

SUMMARY OF PHYSICAL BREAST
PHANTOMS AND THEIR RECIPES

INTRODUCTION

Biological tissues have electrical properties, characterized by their dielectric

parameters such as relative permittivity ¢,, conductivity o, and the dielectric

loss tangent tan & . These have been discussed in detail in chapter 2. The dielectric
properties of biological tissues are dispersive being primarily influenced by their
constituent water content and ion concentration. Among healthy tissues, high-
water content tissues (HWCT) such as muscle exhibit highest dielectric constant
and losses. Whereas low-water content tissues (LWCT) such as adipose fat
display the lowest values for dielectric constant and losses. Various studies have

been published on the electrical properties of major and specific tissue groups
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both in the high and low frequency ranges [1]-[3].

The research related to radiation effects of RF/microwave applications and
microwave imaging for medical diagnostics have invoked significant interest in
recent times. Because of this, there is a major need to make physical phantoms for
conducting experiments in such studies. At least three major bio-electromagnetic
studies are active in research: (i) EM absorption and hyperthermia pattern studies
for therapeutic microwave applicators; (ii) medical microwave imaging systems,
and (iii) specific absorption rate (SAR) studies and dosimetry studies.

The physical phantoms should mimic the electric field distribution and
relative heating patterns of the actual tissue in the presence of an electromagnetic
source. Physical phantoms are fabricated according to specific recipes. The rest of
the chapter refers to the physical phantoms as phantoms. A phantom recipe
typically simulates a single tissue. It exhibits a homogenous distribution of
electrical and thermal properties specific to the target tissue. The heterogeneity of
human body tissues is very complicated to design and control with a single recipe.
These recipes are prepared with non biological materials. This is because
biological materials (mostly from animals) though similar to human tissues have
much shorter shelf life and are prone to degradation. They may contain air sacs,
which leads to problems during microwave experiments.

Phantoms can be classified into three main types based on phases — solid,
liquid and gel. Different combinations and compositions of these phantoms are

used to mimic biological systems such as brain, lung, torso and breast. The main

86



M.A.Sc. Thesis — Aastha Trehan Chapter 3 McMaster University — ECE

research of phantoms is mainly for three frequency ranges: (i) 10 MHz to 100
MHz (HF and VHF), (ii) 200 MHz to 3 GHz (UHF), and (iii) 3 GHz to 20 GHz
(SHF). A technical report [4] compiles in a concise manner common recipes of
preparing phantoms.

The aim of this chapter is to discuss the main recipes that were selected to
model the breast tissues. The target dielectric properties are outlined in chapter 2.
The phantoms have to simulate breast tissues in the ultra-wideband (UWB)
frequency range (from 3 GHz to 10 GHz). Section 1 of this chapter enlists the
desired requirements the phantoms must fulfill for the experiments in our lab.
Section 2 discusses the select recipes that can be used by our group and the
generic methodology of preparing the phantoms. Section 3 presents the results
about the measured dielectric parameters of the phantoms and compares them to
the target values. Section 4 shows some photos of the phantoms. It closes with a
discussion on how they facilitate research in designing imaging arrays for active

microwave imaging (AMWI).

1) PHANTOM REQUIREMENTS

As mentioned in the Introduction, the phantoms are made according to
recipes using non-biological materials. These materials are commonly available
chemicals that are used widely in chemistry and life science experiments. From
biological sources, pig is considered to have tissues with dielectric properties

closest to human beings [5]. However the usage is impractical for repetitive
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experiments, which is the case with most pre-clinical studies in AMWI research.

Some of the required features for the phantoms are:

(a) Mechanical stability of shape: We require phantoms to have good

mechanical stability so that they can retain their shape. Very soft or jelly
phantoms are not practical for system development as these phantoms cannot be
used without support. Filling specifically shaped shells with gels is usually messy
and the obtained phantoms tend to have air pockets. Liquid phantoms are good for
their ease of fabrication. They can be poured in any desired shell easily and
neatly. Their major drawback is the rapid evaporation of water, which changes the
permittivity and conductivity in a short time. Restoring the liquid mixture ratios
repeatedly within an experiment is a hassle. This also increases the chances of
introducing errors due to tampering. Also, liquid phantoms are very narrow-band
and a specific ratio is usually good for just one frequency.

We intend to make semi-solid/solid phantoms with good mechanical
strength that can retain arbitrary shape of any human part by using specific
moulds. Layered phantoms can also be easily realized with such solid phantoms.
(b) Non-toxicity: The phantom should be non-toxic such that touching or being
in contact with it should not cause any detrimental health/safety concerns. The
experimentalist should not require special gear and chambers to use the phantoms,
as this will be too expensive and impractical for small scale studies. That being
said, it is advised that even non-toxic chemicals are not to be ingested or inhaled

as there can be always common allergy problems. Hence, normal care and
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standard safety practices of washing hands after experiments or wearing gloves
and a lab coat during experiments should be adopted. This alone will ensure
enough safety when using phantoms repeatedly.

(c) Fabrication simplicity: The fabrication of a phantom should be easy and

practical so that it can be fabricated from easily available materials in scientific
stores. Fabrication should not require any special manufacturing apparatus.

(d) Wideband properties: The phantom should have as wideband dielectric

characteristics as possible. This will be essential to obtain the E field distribution
similar to that in the biological tissue.

(e) Ease of maintenance: The phantom should preferably retain both physical

and electrical properties for some time without degrading. It is essential to have a
repetitive representation of the biological tissue in multiple experiments.

() Low costs: Overall the costs of fabricating and using phantoms should be as
low as possible as the phantoms are usually to test pre-clinical set-ups that are
generally very small scale. These studies have to be repeated, tested, and altered a

number of times during research.

2) METHODS AND MATERIALS
2.1.  Apparatus for Measurements

For phantom measurements, Agilent 85070E Dielectric Performance Probe
Kit [6] is used. This kit comprises: (i) a slim probe with high-temperature and

frequency rugged performance, (ii) easy to use software, and (iii) a calibration
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short. This probe has a 9.5 mm wide flange and is optimum to measure liquid,
semi-solid and flat solid phantoms. A high quality coaxial cable interfaces the
probe with the network analyzer, which is an Agilent E8363B PNA (performance
network analyzer) [6]. This analyzer has a PC interface and runs the kit software
allowing measurement of materials from 10 MHz to 40 GHz. The software guides
through the “three standard™ calibration process of air/short/water for initializing
the probe. Also, the probe calibration can be refreshed at any time using a single
standard. In our lab, the calibration is usually refreshed with deionised water for
every new measurement. The frequency range of the measurements for our
phantoms is from 3 GHz to 10 GHz with 51 linearly spaced frequencies. Figure

3.1 shows the probe set-up with the PNA.
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Figure 3.1: Agilent 85070E Dielectric Performance Probe Kit connected to an
Agilent E8363B PNA.

2.2.  Promising Recipes and Ideas

There are numerous recipes in the literature for phantom fabrication [4].
One of these recipes is selected to simulate the breast tissues. As discussed in
chapter 2 the main tissues to consider in physical breast phantoms are: (i) high-
water content tissues (HWCT) such as muscle (pectoralis major) and fibro-
glandular tissue; (ii) intermediate-water content tissues (IWCT) such as skin

(assumed dry model as sanitization will be with low-permittivity alcohols) and
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transitional tissue (group 2 in chapter 2); and (iii) low-water content tissue
(LWCT) which is the adipose fat in the breast.

There are two kinds of tissue-equivalent solid phantoms based on agar that
are widely published and used in dosimetry studies. One of these phantoms is
called glycerin phantom and the other is called TX-151 phantom (the name is
derived from name of the constituent chemical as discussed later). The glycerin
phantom has been designed by Yoshiki Okano [7] and the TX-151 phantom was
proposed by the same group headed by Koichi Ito [7]. Variations of both recipes
have also been used for SAR studies [9]. Each phantom has its own characteristics
and benefits. Both phantoms can retain their shape. It is the agar which acts as a
coagulant and gives mechanical strength to the polymer matrix of the phantom
[10]. TX-151 (or sometimes the similar product TX-150) is also a solidifying
agent. Glycerin phantoms can mimic both high- and low-water content tissues by
varying the percentage of water and salt in glycerol. Water controls the
permittivity and salt (NaCl) controls the conductivity. Polyethylene powder (PEP)
is used for fine tuning of both dielectric parameters. The glycerin phantom is
superior to the TX-151 phantom in terms of preservation as glycerin provides a
moisturizing action leading to less evaporation of water. This also retains the
dielectric properties of the phantom for a longer time. It is claimed that the
phantom can be preserved for six months by wrapping it in vinyl/plastic film and
storing it in refrigeration [10]. However, the TX-151 phantom is known to

simulate tissues over a broader range compared to the glycerine phantom below 3
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GHz. This is of no interest to us as our frequency range is above 3 GHz. The
recipe ratios have to be changed from the ones given in the papers in order to
target specific breast tissues in the UWB. This is because the target tissues for
phantoms in dosimetry studies are mostly the brain and the homogenized human
torso. The experimentally measured dielectric properties for tissues to model
these homogenous phantoms are taken from studies different than those to be used
for our algorithms. Also, the TX-151 phantom recipe uses very toxic preservation
agents such as sodium de-hydro-acetate [7] or sodium azide [9], where the latter is
considered a neuro-toxicant. This is not practical with our small scale set-up and
repeated use. From our experience with fabrication, it is also observed that the
TX-151 phantoms are prone to lump formation and may need special blenders to
control TX-151 solidification process. The glycerin phantom is hence preferred
due to its simple fabrication with easily available materials, high preservation
capabilities, and non-toxicity.

The glycerin phantom recipe can be modified by changing the water ratio,
PEP ratio and salt ratio to mimic the range of HWCT, IWCT and LWCT tissues
in the breast. However, these guidelines are from papers addressing phantoms for
the frequency range below 3 GHz. From our experience with phantom
measurements in the frequency range from 3 GHz to 10 GHz, the losses from
phantom materials such as glycerin, agar, water etc., are high enough and the
recipes for healthy tissues do not need salt. The loss can be controlled by water

and PEP alone. The hint for this trend also comes from studying graphs and tables

93



M.A.Sc. Thesis — Aastha Trehan Chapter 3 McMaster University — ECE

given in [7], where the glycerin phantoms were introduced. The paper is in
Japanese. It gives the recipe ratios of glycerin phantoms from 900 MHz and 1.8
GHz. The author has used 0 g salt in all recipe ratios for 1.8 GHz, whereas, at 900
MHz salt is used in amounts from 3.3 g to 2.1 g for simulating a range of
conductivities. This shows that materials exhibit more loss at high frequencies and
do not require additional salt ions in the UWB frequency range.

The percentages of agar and glycerin are fixed from experience to achieve
balanced moisturizing effect and good mechanical strength. These ratios have
been assessed both by trial-and-error as well as carefully studying graphs and
tables given in [7]. Some good ideas from other recipes are also instilled in the
recipe ratios. One of them is the use of a bactericide to prevent breakdown of the
polymer by bacterial agents and is adapted from Hartsgrove et al. [10]. This is a
more non-toxic way to preserve the phantoms. Another adapted idea addresses the
modification of the glycerin phantom recipe for LWCT and is taken from Bini et
al. [12]. The idea is that to lower the permittivity of any phantom recipe, non-
polar or low-permittivity liquids can be partially or totally substituted for water.
These liquids have to be: (i) non-ionic to avoid uncontrolled conductivity; (ii) be
miscible with water in all proportions and preferably miscible with other reagents;
(ii1) have high boiling point to withstand heating; and (iv) be non-toxic in touch or
inhalation as then special fume hoods and gear will be required to handle it. A
liquid satisfying all these conditions and which is easily available is ethylene

glycol. It is used as anti-freeze fluid in cars and common reagent in chemistry
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labs.

Beside the modified glycerin phantom recipe for adipose fat, there are other
promising recipes for fat in the literature. One is a dough-type phantom by
Lagendijkt et al. [14] which uses a mixture of water, oil and flour. This recipe is
however prone to dryness even with slight exposure and suffers from air pockets
due to the use of flour. Hence, it is not used here. The other phantom is called fat-
gel phantom and is designed by Mechii et al. [13]. The recipe uses water,
detergent, cooking oil, agar and TX-151 as ingredients. This recipe and associated
results will be shown later.

Other tissues to be simulated in experiments are malignant tumors. This is
generally done by a homogenous liquid or solid phantom with high permittivity
and conductivity. Hence, water and salt (NaCl) are the main constituents of most
tumor recipes. For our purposes, we need a solid tumor to insert in a solid
glycerin phantom. PEP cannot be used as the base powder as it lowers the
dielectric properties. Alginate powder is suggested [15] to make tumors. Also
gelatin can be used as it is miscible in water and sets in hard with higher
concentration of gelatin powder used.

The specific ratios for all these tissues are ready to use. They have been
confirmed through many trials. They are enlisted as tables in sub-section 2.4 of
this chapter. The summary of the materials and how to get them are given next.
2.3.  Materials for Phantom Fabrication

The materials that have been finally selected for recipes are easy to obtain.
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Except ethylene glycol and PEP, other the materials are very common in use as
components in food and drugs. Hence, none of them is highly toxic by skin touch
and inhalation. Common safety laboratory procedures must suffice for this
phantom work. These recipes are also easy to make with standard lab (chemistry)
equipment such as regular glass flasks, disposable cups/dishes, stirrers and
weighing balance.

Another important item to discuss is water. In phantom work and in most
recipes [4], it is recommended to use deionised or pure water. This generally
means not to use tap water which can be very dissipative due to dissolved salts
and ions. On the other hand, there is a huge variety of purified water available. It
is important that the pure water utilized for phantom work should be deionised —
its description should state high resistivity and low conductivity. The presence of
ions such as sodium, chloride, calcium etc. should be negligible. For instance, the
pure water available in the scientific stores at McMaster University is highly
purified but it is for chromatography purposes and may contain buffer solutions
and salts specific to the process. The American Society for Testing and Materials
(ASTM) [16] has defined four grades of pure water [17]. Among these, type 1 and
type 2 have very high resistivity with the lowest amounts of solutes (both ionic
and organic). ASTM type 2 is easily available and has been used in this phantom
work.

Below, Table 3.1 enlists all materials that will be required for the recipes in

sub-section 2.4 of this chapter. All the materials and equipment were assembled

96



M.A.Sc. Thesis — Aastha Trehan Chapter 3 McMaster University — ECE

during the beginning months of this research period. There were mainly three
sources to obtain the equipment and materials: (i) the scientific stores in
McMaster University, (ii) outside vendors, and (iii) grocery or pharmacy stores.
In Table 3.1, only material information is given as it needs frequent replacement.
The equipment is already in the lab and the detailed description is not required.
Common items such as detergent and cooking oil were brought from general
grocery store. TX-151 was not in stock and hence a similar solidifying agent
called TX-150 was sent by the company. As per the material data sheets there is
no difference between TX-151 and TX-150. Also, glycerin is a common name for

glycerol.
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TABLE 3.1: A LoOK-UP FOR ALL THE MATERIALS TO BE USED IN RECIPE RATIOS.

Material Name Source e Product Code (if any)
e Company Details (if any)
e Online Link (if any)

Glycerol Scientific store e 5350-1

e Caledon Laboratories Ltd., Georgetown, Ontario
e http://www.caledonlabs.com/en/

" De-ionized Vendor via e CABDHI1168-4LP

water calling e VWR International LLC Ltd. Of Canada,

Salt (NaCl) ~ Scientific store

Poly-ethylene =~ Vendor via order
powder (PEP) form from

scientific store

Agar ~ Scientific store
Arlrginafe' Vendor via
powder phone

Ethylene glycol ~ Scientific store

TX-150 Vendor via
phone
Bactine . f’iharmei’cﬁbrg i
(bactericide)

Mississauga, Ontario

http://vwr.com/index.htm

7560-1
Caledon Laboratories Ltd., Georgetown, Ontario
http://www.caledonlabs.com/en/

434264

Sigma Aldrich Inc., Oakville, Ontario
http://www.sigmaaldrich.com/canada-english.html

AGRO003

BioShop Canada Inc., Burlington, Ontario

http://www.bioshopcanada.com/default.asp

Accu-Cast, Oregon, USA

http://www.accu-

cast.us/tempsite2/MainPages/BuyNowA lginates.ht

ml

E178
Fisher Scientific Company, Ottawa, Ontario

https://www.fishersci.ca/Default.aspx

Balmar Llc, Lafayette, Louisiana, USA
Tel: +0001 337-232-2496

Bayer Inc., Toronto, Ontario
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2.4.  Tissue-specific Recipes

All the recipes derived from the glycerin phantom recipe have glycerin as
the percentage base value. All other materials are given as percentage weight
calculated with respect to glycerin. This is because the percentages of deionised
water (DIW) and PEP are changed to tune dielectric properties. Agar also changes
with PEP to obtain optimum homogenous thick solution that can solidify into a
phantom with definite shape. These ingredients are hence termed variants of the
recipe. For other non-glycerine recipe ratios, the materials are given as quantities
in a specific test batch.

The ratios for each tissue are given in easy look-up tables. Tissues important
for physical breast phantom are considered. As stated before, NaCl is not added in
all the phantom recipes mimicking healthy tissues to curb the loss as measured by
the probe. Salt is included in malignant tissue recipe to generate a contrast.
However, if these recipes are to be used at frequencies below 3 GHz or require
more loss salt can be used as an additional variant to create large contrasts in
conductivities.

As stated before, these recipe ratios have been changed to work in the UWB
(3 GHz to 10 GHz for our purposes) and are different from that in [7]. It is also
important to state before the results are viewed that phantoms usually are made
for narrowband purposes. For example, a specific phantom recipe ratio at 900
MHz is used in cellular telephony. Whereas, for microwave imaging, we consider

broadband experiments with frequency hopping from 3 GHz to 10 GHz.
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The target models for the dielectric properties of breast tissues are discussed
in chapter 2, i.e., the one-pole Debye models for the three tissue groups inside
breast [2], and the four-pole model of skin and muscle from [1]. For skin, it is safe
to consider the dry skin model. The wet-skin model has too high permittivity that
can diminish the penetration of the signals. Secondly, it is to be expected
clinically that some antiseptic (e.g. alcohol) will be used to sanitize the breast
surface and equipment during microwave measurement. This dehydrates the skin.
Also, the sensors developed by our team (discussed in chapter 6) work without the
need of liquid coupling mediums.

At this stage, it would be beneficial to revisit the target dielectric properties
of the major breast tissues given by the theoretical models. The dielectric
constants of malignant tissue, muscle, fibro-glandular (FG), skin, transitional
tissue and fat are shown in Figure 3.2. The conductivities of the same tissues are

plotted together in Figure 3.3. It is noticed that the dielectric properties (&, and

o) of transitional tissue and skin (both under IWCT) almost overlap. It cannot be
expected to have different phantoms for these two tissues. The recipes for healthy
tissues are broadly divided according to water content as:

(a) HWCT-1 is the recipe for highest water content healthy tissue phantom for
breast phantom i.e., muscle. It is given in Table 3.2.

(b) HWCT-2 is the highest water content healthy tissue inside breast phantom,

which is group 1 in chapter 2 also termed as fibro-glandular (FG) tissue. It is

given in Table 3.3.
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(¢) TIWCT is the intermediate water content tissue phantom, same for both skin
and transitional tissue. It is given in Table 3.4.

(d) LWCT is for lowest permittivity and loss tissue phantom i.e., adipose fat in
breast. It is given in Table 3.5.

If skin is to be modeled with parameters of wet skin given in chapter 2, the
HWCT-2 recipe can be used for skin instead of IWCT. In conclusion, HWCT
recipes (HWCT-1 and HWCT-2) have water as the highest component, IWCT
recipes have water and glycerine in equal parts, and LWCT uses none or very
minimal water. A small amount of water is used in Table 3.5 as it seems that
water reinforces the polymer matrix and speeds up the solidification. The LWCT
phantom is still the softest of all phantoms and needs more time for solidification.
But it is able to retain its shape. Table 3.6 gives the recipe for the fat-gel phantom
material by [13]. However, this phantom was much weaker mechanically than the
LWCT phantom, whereas in the paper it was claimed that the fat-gel phantom can
retain its shape. It seems to require a shell. The visual comparison of the fat-gel
phantom and the LWCT phantom is given in Figure 3.4.

Table 3.7 and Table 3.8 give the recipes for simulating malignant tumors.
There are two similar recipes where one uses alginate powder (malignant-1) in

saline and the other uses gelatin powder in saline (malignant-2).
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Figure 3.2: Dielectric constants (&") from chapter 2 of all major breast tissues.
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Figure 3.3: Conductivities (o) from chapter 2 of all major breast tissues.
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TABLE 3.2: REcIPE RATIO FOR HWCT-1.

Materials Weight % Based on Glycerine
Glycerine 100

DIW 180

PEP 15

Agar 12

TABLE 3.3: RECIPE RATIO FOR HWCT-2.

Materials Weight % Based on Glycerine
Glycerine 100

DIW 140

PEP 14

Agar 11

TABLE 3.4: RECIPE RATIO FOR IWCT.

Materials Weight % Based on Glycerine
Glycerine 100

DWI 100

PEP 8

Agar 8

TABLE 3.5: RECIPE RATIO FOR LWCT.

Materials Weight % Based on Glycerine
Glycerine 100
DIW 8
Ethylene Glycol 52
PEP 10
Agar 11.5
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TABLE 3.6: RECIPE FOR FAT-GEL FROM [13].

Materials Quantity
Cooking Oil 100 ml
DIW 100 ml
Detergent 20 ml
TX-150 5¢g
Agar 10g

TABLE 3.7: RECIPE RATIO FOR MALIGNANT-1.

Materials Quantity
Alginate Powder 18 ¢
DIW 100 g
NaCl 0.7¢g

TABLE 3.8: RECIPE RATIO FOR MALIGNANT-2.

Materials Quantity

Gelatine 7¢g
DIW 100 g
NaCl 0.7¢g
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Figure 3.4: The structure of LWCT (left) is more firm and solid in comparison to

Fat-gel from [13] (right).

2.5.  Generic Fabrication Procedures

2.5.1. Procedure for glycerine phantom recipes (Table 3.2, Table 3.3, Table 3.4,

Table 3.5):

There can be two methods of fabrication depending on the size of the
phantom batch to be made. If the total volume of phantom mixture is below 800
ml, the following manual methodology of fabricating the phantom can be adopted
(it was the only used method initially so as to set specific ratios of powders in the
recipes):

» Wear gloves, lab goggles and a lab coat. Follow standard laboratory safety
regulations.

» Pour DIW into a suitable glass flask (narrow opening of flask is preferred to a
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cylindrical beaker so as to restrict air bubbles) and put it on a low flame on a
burner. A mesh is recommended over a burner to avoid direct contact of the
flask with flame. It is essential for better control of temperature.

» Pour all liquids relevant to recipe and stir to form a clear solution. Heat the
solution to approximately 46 C.

» Add bactericide (a few drops) and stir it to a clear solution.

» Add the powder reagents, which are the mixture of PEP and agar for these
recipes. The powder mixture is added in tiny amounts to the liquid mixture.
The mixture is stirred continuously, gently and carefully to form a
homogenous solution with as less bubbles as possible. Near the solidification
point the bubbles escape. Do not stir very briskly or hard as this weakens
polymerization reaction and phantoms are susceptible to easy breakdown post
fabrication.

» Once the mixture is homogenous and thick, pour it in a suitable mould by
holding the hot flask with a tong or cloth. Usually the temperature reached is
in the range 68°C to 75°C. After initial cooling, keep the phantom in
refrigerator for solidification via faster cooling. HWCT-1 and HWCT-2 take
the shortest time while LWCT takes the longest time for solidification.

» Cover the mould with vinyl/plastic film once the phantom solidifies. Also use
high quality plastic wraps (such as Para-film) to store the phantom post
fabrication for longer use.

If a typical phantom batch is above 800 ml, it is recommended to use an
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automatic kitchen food processor for blending the powder mixture of PEP and

agar into the liquid mixture. The intermediately sharp kneading blade or chopping

blade can be used as they not cause frothing and air bubbles. The procedure is as
follows:

» Pour DIW into a suitable glass flask (bigger one in this case) and put it on a
low flame on a burner. A mesh is recommended over a burner to avoid direct
contact of the flask with flame. It is essential for better control of temperature.

» Pour all liquids relevant to recipe and stir to form a clear solution. Heat the
solution to 88°C. High temperature is required as there cannot be any heat
supply to the food processor.

» Add bactericide (a few drops) and stir it to a clear solution.

» Pour the liquid mixture into the food processor jar. Add the PEP/agar mixture
and start churning the mixture at 5 RPM (on a scale from 2 RPM to 14 RPM).
The food processor jar has a narrow opening for adding the powder mixture
bit by bit. A weigh boat can be used for adding the mixture.

» As the ratios of powders are already set-up for achieving solidification, the
phantom mixture is ready to be kept for cooling once all the mixture is added
and mixed well by the non-frothing blade of the processor. After this follow
the standard process for pouring the phantom into specific shaped moulds as
discussed before.

2.5.2. Procedure for other recipes (Table 3.6, Table 3.7 and Table 3.8)
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The procedure for the fat-gel recipe in Table 3.6 is similar to the above mentioned
procedure except that the powdery mixture is that of agar and TX-150. The
procedure for malignant tissue phantoms is as follows:

» Pour water in a flask and heat it to a warm temperature.

» Dissolve salt in it and make a clear solution.

» Add a few drops of bactericide and put off the flame.

» For gelatine-based recipe, dissolve the gelatine powder directly in warm saline
solution and set it to solidify. Whereas, for alginate powder, first let the saline
cool down to room temperature and then dissolve the alginate powder quickly
in saline to form a thick mixture. The alginate powder solidifies within 10
seconds. IHence immediately scoop out the alginate-saline mixture in specific
mould. If this is not done in time, the only way to use the phantom is by
cutting specific shapes from the solidified phantom chunk. This is not a big
issue considering that irregular and random shapes are what malignant
tumours have to model.

2.6. Measurement Related Theory and Protocol

The measured dielectric property is defined by the complex relative
permittivity, which is written as:
£=¢e - g, (1)
The real part is called the dielectric constant and the imaginary part is a measure

of the dielectric losses. These are often expressed as the tangent of the loss angle

G:
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g’ o
tanf = —-=— )
£ wsE,

Here, o is the equivalent electrical conductivity in S/m given as:
o =08)E 3)
where ¢, is the permittivity of free space and @is the angular frequency. The

n

measurements with a dielectric probe give ¢, and & . & is converted to o by

(3). These measured values are directly compared with values from theoretical
dielectric models.

The dielectric parameter models shown in Figure 3.2 and Figure 3.3 are
approximated over multiple measurements where statistically assessed median
values are fitted to either a Debye or a Cole-Cole model. Hence the values and
trend of dielectric properties is a mathematical fit to measurement results. It
cannot be expected that a single measurement of a phantom can exactly trace the
dispersive properties. The controlling factor in phantom recipes is water (all water
considered in this chapter is de-ionized water as discussed under sub-section 2.3.
of this chapter). This is true macroscopically in tissue dielectric properties too as
water is the key influence in microwave range. However, the exact cellular and
metabolic processes of in vivo tissues cannot be exactly imitated with only water
and other non-biological materials of the recipes. The idea is more to have a
consistent contrast of dielectric properties among tissue groups. For instance, the

malignant tissue should have some contrast in permittivity ¢, and conductivity o

compared to the healthy HWCT inside the breast (which is fibro-glandular).
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Similarly, the phantom mimicking adipose fat, must be lowest in permittivity and
conductivity compared to other phantoms.

The phantoms were measured within 24 hours of fabrication. The
measurement protocol is started with “three standard™ calibration of the dielectric
probe (probe) discussed in sub-section 2.1. of this chapter. The measurement is
for 51 linear samples in the frequency range from 3 GHz to 10 GHz. The
measurement is conducted by placing the solid phantom sample in complete
contact with the probe’s aperture. There is always some variation and errors in the
measurements due to cable motion artifacts, material adhesion to the probe’s
aperture, local heterogeneity in phantom samples, calibration mistakes,
instrument’s noise and so forth. To minimize these errors, a refresh calibration
was conducted after every measurement and full calibration was conducted after a
set of measurements on specific phantom recipe (HWCT-1, HWCT-2, etc.). For
the results in the next section, the final measurement was recorded that appeared
to occur consistently at multiple sites on the phantom sample placed below the
probe’s aperture. The final recorded measurement curves showed least variation
and ringing effects. The recorded dielectric properties of a phantom recipe hence
came from a particular measurement from some arbitrarily selected site on the
phantom. There is no averaging or data-fitting done over: (i) measurements for
multiple samples, (ii) measurements for different sites on same phantom, and (iii)
recurrent measurements at particular phantom site. These phantom measurement

curves are plotted in comparison with theoretical dielectric models in the figures
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in the next section.

3) RESULTS - TARGET AND ACHIEVED PARAMETERS

Figure 3.5 shows the comparison for both dielectric constant and
conductivity between four-pole Cole-Cole model [1] for muscle and measurement
on HWCT-1 phantom. Figure 3.6 shows the comparison between one-pole Debye
model for FG [3] and a measurement on HWCT-2 phantom. Figure 3.7 shows the
comparison between four-pole Cole-Cole model for dry skin, one-pole Debye
model for transitional tissue [3] and measurement on IWCT phantom. It can be
seen from these graphs that they do not exactly trace the model curves but trace
them in proximity. The loss seems to be on higher side and hence the decision to
not use the salt in recipes is justified. This loss is however supposed to go down
as the phantom dries and loses some water. Figure 3.8 shows the comparison
between one-pole Debye model for adipose fat and measurement on LWCT
phantom. The trend traced by the phantom measurements is similar to model but
the values are higher. However this can mimic the real case as it was discussed in
chapter 2 that recent studies [2] seems to show that both dielectric parameters go
down for fat post excision due to presence of extracellular water. Hence these
properties might be closer to in vivo properties.

The properties of fat-gel phantom from [13] seem to be more different from
the ideal case as shown in Figure 3.9. This can be due to the fact that the paper

simulates this phantom in a lower frequency range. This makes the fat-gel
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phantom recipe unusable for our purposes due to both weak mechanical strength
and too high dielectric properties. However, water can be lowered in the recipe
ratio or substituted for by glycerin etc., if an alternate jelly phantom is desired.
This has not yet been tried in fabrication by us.

Figure 3.10 and Figure 3.11 compare the dielectric properties of malignant
tissue [3] and the two recipes — gelatin-saline recipe and alginate powder-saline
recipe. The measurements show that phantom measurements trace the model
values well but are slightly higher. This is in fact beneficial considering:

» There is no glycerin to preserve the loss of moisture making these phantoms
more susceptible to lower dielectric property values, as water dries out.

» The losses are higher for healthy tissue phantoms and hence to keep some
contrast in measurements it is required to increase the values.

To introduce even more loss (conductivity), it is recommended to increase
the amount of salt in the recipes. This increase in salt should be done in small
increments and tested to see if the dielectric properties meet the requirement. The
dependence of the dielectric parameters on the variants — water, salt and PEP is
non-linear due to complexity of mixture of the recipe. The precise prediction of
quantity of variants affecting the dielectric properties may require formulas fitted
to multiple phantom measurements or special software to generate multi-
dimensional gradient maps of quantities of variants versus dielectric properties at
multiple frequencies generated based on several measurements. This has not been

done presently, but may be done in future if these phantom recipes are chosen to
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be used in clinical trials for the purpose of system calibration. However, as has
been discussed in chapter 2, the ex vivo studies are not the final word on breast
tissue properties and the target values might change with in vivo studies and
associated dielectric models.

The overall comparison of the dielectric parameters of all phantoms is
shown in Figure 3.12 and Figure 3.13. Compare these to Figure 3.2 and Figure
3.3. This shows that the current phantom work is able to mimic the theoretical

contrast from ex vivo studies.
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Figure 3.5: Comparison between dielectric property model for muscle and
phantom measurement for HWCT-1. The top graph is for dielectric constant and

the bottom graph is for conductivity.
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Figure 3.6: Comparison between dielectric property model for FG and phantom
measurement for HWCT-2. The top graph is for dielectric constant and the

bottom graph is for conductivity.
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Figure 3.7: Comparison between dielectric property model for skin, transitional

tissue and phantom measurement for IWCT. The top graph is for dielectric

constant and the bottom graph is for conductivity.
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Figure 3.8: Comparison between dielectric property model for adipose fat and

phantom measurement for LWCT. The top graph is for dielectric constant and the

bottom graph is for conductivity.
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Figure 3.11: Comparison between dielectric property model for malignant tissue
and phantom measurement for alginate powder-saline recipe. The top graph is for

dielectric constant and the bottom graph is for conductivity.
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Figure 3.12: Dielectric constants (&") for all phantom recipes of breast tissues.
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Figure 3.13: Conductivities (o ) for all phantom recipes of breast tissues.
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4) PROMISING EXAMPLES AND FUTURE WORK

This section shows some examples of fabricated phantoms and their uses.
Various phantom shapes will also be seen in chapter 4 where they are used to test
the photogrammetry-based three-dimensional (3-D) surface acquisition system.
Figure 3.14 shows malignant tissue phantoms with alginate powder (opaque pink)
and gelatin (translucent) in small bowls. Also it shows two homogenous IWCT

phantoms, where one of them has an alginate powder—saline based scatterer.

Figure 3.14: Phantoms mimicking malignant tumors, healthy homogenous breast

and homogenous breast with a scatterer.

As can be seen in the figure above, the glycerin phantoms have a very shiny
appearance and are mostly white/off-white in color. Artificial colors can be used
to distinguish between different phantoms (HWCT, IWCT and LWCT). This also

facilitates to make realistic variety of physical breast phantoms. The food colors
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are good choices in this regard. These colors have water as base and chemicals
such as sodium benzoate. A few drops should not affect the dielectric properties
of phantoms in a significant manner. However, these colors can only be used for
HWCT and IWCT recipes to avoid any tampering with LWCT. This is because
LWCT requires having as low permittivity and loss as possible and these color
drops can affect the delicate balance achieved. Hence colors can be added to all
other phantoms, whereas, LWCT mimicking fat can stand different in its original
color.

Figure 3.15 shows the appearance of phantoms before and after color
addition (yellow and green). Figure 3.16 shows the comparison of properties of a
pair of HWCT-2 phantoms where one of them has the food color added to it. It
shows that the properties do not change and are within the nominal experimental

variation.

(2) (b)

Figure 3.15: Phantoms with and without food color: (a) green and (b) yellow.
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Figure 3.17 shows the use of a two-layer phantom comprising a thin IWCT
(skin) layer and a thick LWCT (fat) layer. This phantom was used to test the
recently designed antenna 0 in our group that works without coupling medium.
The lack of coupling medium makes the use of antennas more practical for
clinical use, considering patient safety and sanitation. The sensor is placed in
direct contact with the solid phantom layers as it has to be placed in direct contact
with patient’s breast in clinical scenario. We intend to design optimal imaging
arrays for scanning arrangements with this antenna. Work is currently in progress
toward real-aperture scanning procedures. For designing and optimizing the
imaging array many different shapes and structures of test phantoms might be
required to be placed in contact with the antennas. This is where our cheap and
easy to make phantoms are helpful.

Physical phantoms can be as simple as two-media phantom or something
intricate to resemble specific breast density. Also, shapes can be multiple
depending on antenna scanning arrangements: (i) a flat layered phantom for
parallel plate scanning arrangement; (ii) a cylindrical phantom for cylindrical
scanning arrangement; (iii) bowl shaped or hemispherical phantoms for a
symmetrical imaging arrangement [20], shown in Figure 3.18 (a) and, (iv) random
convex shapes for tapered arrangement [21], shown in Figure 3.18 (b). This
tapered imaging chamber has been integrated with an Alderson Treatment
Brassiere cup [23] used in radiation therapies. This brassiere can be used to fit any

random shape of solid phantoms and is quite select for mimicking real case
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scenario.

The phantoms developed through this work are easy to make, replaceable, to
some extent resemble the dielectric properties of breast tissues and reproduce well
the contrast from HWCT to IWCT to LWCT. In fact, these phantoms are worse
case scenarios than the real case. If the system designed for detection works with
them, the clinical trials have a sure chance of success. Once an antenna
arrangement and measurement procedure is finalized, a permanent phantom can
be made with dry microwave materials from Emerson & Cuming [22]. This can
be a standard phantom for microwave imaging along the same lines as the ones
available for mammography [23], [24]. Also, exact knowledge of the complexity
the phantom should exhibit is essential. A complex phantom from the

demonstrated phantom recipes and methodology is shown in Figure 3.19.
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Figure 3.17: Simple layered phantom in contact with a recently designed antenna
used in O[19].

(a) (b)

Figure 3.18: Imaging array designs in the literature: (a) symmetrical curved

(bowl-shaped) antenna array (from [20]); and (b) tapered imaging chamber

integrated with an Alderson Treatment Brassiere cup (from [21]).
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Figure 3.19: The top two images show the snapshots of the process of fabricating
more detailed breast physical phantom. The bottom two images show the views of
the phantom created. The yellow phantom layer is IWCT for skin; white interior
phantom is LWCT for fat and the green-fill phantom is HWCT-2 for fibro-

glandular tissue.
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CHAPTER 4

THREE-DIMENSIONAL (3-D)
SURFACE AND SHAPE
ACQUISITION WITH
PHOTOGRAMMETRY

INTRODUCTION

Active microwave imaging (AMWTI) techniques for early detection of breast
cancer are promising [1]. They rely on sufficient contrast between the dielectric
properties of normal and malignant breast tissues at microwave frequencies as
discussed in chapter 2. AMWTI can be divided into two major categories: (i) radar
based approaches [2]-[5] and (ii) tomographic approaches [6]-[10].

In radar-based imaging, the breast is illuminated with an ultra wide-band
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(UWB) pulse, and the backscattered signal is recorded. This is usually repeated
for a number of antenna positions. A time-shift-and-add algorithm is applied to
the set of recorded signals in order to enhance returns from high-contrast (contrast
in dielectric parameters) objects and reduce clutter in signals [2]. Because of the
relatively large permittivity of the skin, scattering from its surface is a major
clutter or noise component and a disturbing factor in the image reconstruction.
This is also termed ‘skin clutter’. Special algorithms have to be developed to
extract the location of the skin interface relative to the imaging array from the
total backscattered signal. They are discussed in [2], [3], [11] and [12].
Simulations show that in order to achieve acceptable accuracy, complex
geometric algorithms and scanning arrangements are required. The geometric
algorithm discussed in [2] is one such example. The figure corresponding to this
idea is shown in Figure 4.1. In this algorithm, the backscattered signals from the
skin interface are recorded to estimate the propagation time from the antenna to
the skin-breast interface. This propagation time locates the skin-breast interface
on the sphere with known radius, where the antenna elements form the centers of
the spheres. The skin surface is assumed to be convex and tangent to the sphere.
These tangents are found mathematically by assuming that the spheres centered at
adjacent antennas share the same tangent. This methodology is claimed to become
more accurate if the antennas are sufficiently closely spaced relative to the
curvature of the breast surface. This calls upon the need for complex antenna

scanning scenarios with multiple antenna positions around the breast. For
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example, in [11], one arrangement consists of 90 antenna positions and another
(for an outline in the sagital plane only) consists of 37 antenna positions.
Experimental verification of these algorithms with realistic arbitrarily shaped
objects is not yet available.

In tomographic breast imaging, the scattered microwave signals are usually
measured in a phase-coherent way (complex S-parameters) using a vector network
analyzer (VNA). Image reconstruction involves the solution of a nonlinear
optimization problem where the optimizable parameters are the complex
permittivities of all voxels within the imaged domain. The forward solvers are
typically two-dimensional (2-D) or three-dimensional (3-D) numerical engines for
high-frequency electromagnetic simulation [7]-[10]. The inversion problem is
often ill-posed and extremely time consuming [11]. The main reason for the ill-
posedness is the large number of optimizable parameters. The permittivity
distribution is usually estimated on a dense mesh where the number of voxels in a
3-D problem may exceed tens of thousands. Thus, knowledge of the surface can
drastically reduce the dimensionality of the inverse problem by providing physical
constraints. This is done by assessing the volume for the solver where image
reconstruction has to be performed.

Our group introduced a much simpler and easy to employ approach for 3-D
surface acquisition of the imaged object. This approach is based on a well known
method to reconstruct 3-D surface of any object from 2-D digital photos. It is

called photogrammetry. The photogrammetry-based surface acquisition is simple
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to implement and to automate. It operates on images obtained through standard
inexpensive cameras, and, most importantly, the reconstructed surface is accurate
to less than a millimetre. It also provides the relative position and orientation of
the object with respect to the imaging antenna array.

The photogrammetry approach can greatly benefit both tomographic and
radar-based imaging technologies. In radar-based imaging, knowing the shape and
size of the breast as well as its relative position with respect to the imaging array
will lead to more accurate skin-artifact removal without complicated antenna
arrays. In tomographic imaging, this knowledge will reduce drastically the
dimensionality of the inverse problem, thus leading to faster convergence and

reduction of the number of local minima.

gkin surface

Figure 4.1: An illustration of geometric estimation algorithm for breast surface

(taken from [2]).
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This chapter discusses the photogrammtery approach implementation and
the experimental results obtained and published with it. Section 1 discusses the
software and hardware set up for this approach. Section 2 shows the
reconstruction examples and accuracy assessment study. Section 3 illustrates the
verification of the photogrammetry approach with forward electromagnetic (EM)
models. Section 4 reports the work presented at two international conferences and

the latest developments in this field.

1) SURFACE RECONSTRUCTION WITH PHOTOGRAMMETRY

The software used to recover the 3-D surface of a curved object from 2-D
images taken with a digital camera is PhotoModeler Pro 5.2.3. [13]. This
software, based on the photogrammetry technique, involves taking a few photos
of the object at different viewing angles. The typical number of photos is from 12
to 16 for a mostly convex object. A detailed help manual specific to this software
is given in a technical report [14]. Related aspects will be presented in a
condensed form in the following sub-sections. The photogrammtery software is
referred to as ‘PhotoModeler’ in the rest of the chapter.
1.1. Software Requirements

There are some key procedures when using the PhotoModeler. These are:

(a) Camera calibration: This is the process of determining the characteristics of
a camera so that it can be used as a measurement device. PhotoModeler can use

photographs taken by different types of cameras. It needs the values for some
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specific parameters of the camera, such as: (i) focal length of the lens, (ii) the
digitizing scale (which is the CCD format size of a scanner or digital camera) and,
(iii) the principal point (a point where the optical axis of the lens intersects the
photograph). To get improved accuracy, parameters that describe the distortion
characteristics of the lens are also used. Once a camera is calibrated, it provides
accurate measurements. In a general scenario, if one camera is used with the same
focal-lens setting under similar lighting conditions, then the calibration procedure
needs to be conducted just once. The calibration settings can be saved and reused
with the other 3-D modeling projects.

The calibration project uses a Calibration Grid which comes as
‘PhotoModelerCalibrationGrid.pdf” in the install directory. Since our projects are
within an area of one square meter, the grid can be printed on a standard Letter
sheet (8.5”x117). This grid is shown in Figure 4.2.

Approximately 8 landscape shaped photographs of the grid are taken with
the camera held with horizontal orientation at the positions shown by the numbers
in Figure 4.2. Also, 4 portrait shaped photographs are taken by flipping the
camera by 90 degrees to hold it with vertical orientation at positions 1, 3, 5, and 7.
The horizontally held camera stance is shown in Figure 4.3 (a) and vertically held
camera stance is shown in Figure 4.3 (b). Figure 4.3 (c) shows the arrangement
for taking each picture. The distance between the camera and the object is kept
approximately between 35 cm and 45 cm, at an elevation angle of about 60

degrees [14].
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After taking the pictures of the Calibration Grid, the calibration project is
conducted. The details in [14] and the associated tutorial videos can facilitate the

user to conduct, save, use and trouble-shoot the calibration project.

Figure 4.2: Calibration Grid sheet with positions marked for taking 2-D photos.
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(@) (b)
Camera

Calibration grid on a flat surface

(c)
Figure 4.3: (a) Horizontally held camera (from [15]). (b) Vertically held camera

(from [15]). (c) Position of camera with respect to Calibration Grid.
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(b) Experimental set-up for 3-D modeling project: To acquire the shape of a

random object, which would be the case with patient-specific breasts; the
automatic tools of PhotoModeler are used. Examples for such randomly shaped
objects were earlier taken as balloons and later as solid phantoms (discussed in
chapter 3). The automatic tools in PhotoModeler require a particular set-up prior
to taking 2-D photos from the digital camera. The object to be modeled requires a
large number of circular targets positioned on it. These targets should have high
contrast from the background. A dense grid of points facilitates in approximating
the surface effectively. These targets can be something as simple as natural light
stick-on as shown in Figure 4.4. In the next sub-section of this chapter, the use of

a programmable grid is also discussed.

Figure 4.4: A photograph showing stick-on on a balloon.
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The other key factor is the orientation process. A typical 3-D modeling
project requires at least 15-16 photographs of the 3-D object from specific angles.
The software requires knowing the position of the camera when each of these
pictures is taken. This process is called orientation of photographs. To facilitate
this, the user needs to design some points called control points along the periphery
of the area where the object to be modeled is placed. In this design process, the
user needs to assign some distinct tags to these points such as numbers or
alphabets, so that they can be differentiated when the orientation process is
carried out in the software. The process of designing these control points is shown
in the photograph in Figure 4.5. These points also help in scaling and adding axes,
when the final model is constructed in the software (explained later). A module
available through PhotoModeler called coded targets is also a good option. These
are circular targets with some additional bits that can be easily recognized by the
PhotoModeler software. These targets can also be used to speed up the orientation

process. An example of a typical coded target is shown in Figure 4.6.

Figure 4.5: Photograph showing the designing of peripheral control points.
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Figure 4.6: One of the 8-bit coded targets.

A final experimental set up for 2-D image acquisition is shown in Figure 4.7
with a balloon and in Figure 4.8 with a phantom. Approximately 12 photographs
can be taken at positions 30 degrees apart. Additional 3 to 4 photographs for top
views can be captured so that all control points are visible in some photographs
for better orientation. The position of the camera should follow the guidelines
shown in Figure 4.3. The focus, zoom settings, and sharpness settings are kept
constant to what they were during the Calibration grid imaging. The purpose of
following these procedures is standardizing a rule of thumb to get proper
photographs, which can cover maximum number of circular targets on the object

and the control points, with camera settings known to the software.
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Figure 4.7: Photograph showing the final set-up with a balloon when the 2-D

images for modeling can be taken.

Figure 4.8: A phantom ready for 2-D image acquisition.
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1.2. Assistive Hardware and Software Components

The photogrammtery procedure requires some hardware and software
components to automate the 2-D image acquisition for accurate 3-D
reconstruction. These components are given in detail in a technical report [16].
Here, their description is again mentioned in a condensed form:
(a) Camera: The camera is a Point Grey Research (PGR) Flea 2 [17]. Its
maximum resolution is 1600x1200 pixels at 15 Hz (frames/second). However, the
software with the camera allows no more than 1600x1200 pixels at 7.5 Hz. The
lens is a Cosmicar TV Zoom lens. It has adjustable aperture, focus, and
magnification. For our purposes, the camera is close to the photographed object,
so it is left at the minimum magnification. The camera and the lens are shown in
Figure 4.9 (a) and (b), respectively.
(b) Stand: To mount and rotate the camera, an ergonomic stand with a rotatable
shoulder (turns around full 360 degrees) is designed. The views captured by the
camera follow the guidelines discussed in the prior sub-section. The rotation of
the shoulder mounting the camera is controlled by a stepper motor with labeled
directional and power switches. The motor is powered by a 12 V lead-acid
battery. The stand design in CAD software is shown in Figure 4.9 (d) and its view
as in use is shown in Figure 4.9 (e).

(¢) Dot Matrix and Take Pictures (TP) programs: A very easy to use program

called Dot Matrix has been written in C#. It can make a re-sizable, flexible, and

redraw-able grid of points that can be projected upon the object being
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photographed. This is in reference to a more automatic way (compared to stick-
on) to place the circular targets on random object being photographed as
discussed in the previous sub-section. A typical example is shown in Figure 4.9
(c). The outer big dots are the control points and the inner smaller ones are the
circular targets to be placed on the object. Coded targets can also be programmed
and used as shown in Figure 4.9 (e). The grid in the same figure is projected by a
mini-projector (Mitsubishi PK10) that does not come in the field of view of the
camera. The grid can be made of any size and density by simple mouse controls
and also dots can be changed to any color for better contrast. The details about the
program are given in [16].

Another program that runs through command line is Take Pictures. It is
abbreviated as TP. It takes pictures at regular intervals while the camera is
rotating about the object. It is based o the code for PGRFlyCaptureTestCSharp.
TP uses DLLs (Dynamic-link library) provided by PGR. When recompiling TP, it
is to be ensured that all the necessary DLLs are made available in a directory
where C# knows to look for them. For simplicity, if one is not familiar with DOS,
TP can be directly invoked from Dot Matrix. The user has to just type the number
of photographs desired to be taken in one of the options in the configuration box
prompted upon compiling Dot Matrix. The command is executed by pressing the
‘Take Pictures’ button. The motor has to be started simultaneously so as to rotate
the camera while TP acquires and stores the photos. It is recommended to select

the number of pictures so as to complete one revolution about the imaged object
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(for robust reconstruction). Also, one can use the option called ‘Timeout’, which
is the amount of time the TP program waits between photographs in milliseconds.
This can be calculated and modified in the source code as per the number of
pictures required in one revolution. The photographs are saved in a bitmap format.

The naming is according to the number of photos being taken.
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The pictures are saved in a sub-folder of the main folder containing the TP and
Dot Matrix programs. These pictures can then be immediately transferred to a
suitable folder and renamed for later use.
1.3.  Generic Procedure

So far, with the above sub-sections (1.1 and 1.2), the software for
photogrammetry, PhotoModeler, has been described along with the components
which make the 2-D image acquisition as automatic as possible. The 3-D
modeling project in PhotoModeler is manual, but a skilled operator can obtain the
3-D surface from the 2-D images in about 20 minutes. For details on how to
conduct the projects with PhotoModeler, please refer to the technical reports [14]
and [16] as well as the tutorial videos associated with [14]. Here, a generic flow
of steps is presented for converting the 2-D photos to a 3-D surface as a CAD
model:
»  Take pictures of the Calibration Grid and conduct the calibration project for
the camera to be used in the 3-D modeling project. This can be a one-time step if
the same camera is used for all the projects.
»  Set up the object as per the requirements for 2-D image acquisition. All
projects require orientation process and hence control points. The random object
to be modeled also requires high-contrast circular targets. These targets can be
either stick-on or dot-grid projected using the Dot Matrix program and a
projector. The canonical shapes use specific shape tools and do not require

circular targets.
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»  Run TP and start the motor to rotate the camera simultaneously. Take about
16 to 20 photographs as the camera completes one revolution about the object.
Save these images (that are downloaded to the computer) in a suitable folder.

»  Import these images in PhotoModeler and conduct the project to orient
images and reconstruct the 3-D object. In a typical project with automatic tools,
the targets picked up by PhotoModeler are marked with a cross as shown in
Figure 4.10. The targets referenced and marked by the software can be seen as
points in the 3-D viewer of PhotoModeler as in Figure 4.11. The points then can
be converted into a surface by connecting them into triangular surface elements.
The reconstructed shape looks as in Figure 4.12. Another example with the
phantom is shown in Figure 4.13. This is however for random objects. For
canonical objects (examples in next section) the specific shape tools reconstruct
uniform 3-D surface models using NURBS (Non-Uniform Rational Bezier
Spline) based surface elements.

»  The reconstructed 3-D models have to be scaled and must be given a frame
of reference so that suitable dimensions are allotted. The scaling can be done by
simply registering the distance between any pair of control points. The screen
capture showing the process is shown in Figure 4.14. The frame of reference for
the model is defined by selecting suitable marked targets as origin and the three
coordinate axes. An example of the process is shown in Figure 4.15.

»  The final 3-D model can be exported in some standard CAD formats that

are compatible with most of the popular electromagnetic (EM) simulators
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(explained in next section of this chapter). These formats are shown in Figure
4.16. A preferred CAD file format is STL when exporting triangular surface

elements. For NURBS-based surfaces, the preferred format is IGES.
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Figure 4.10: Auto-referenced target points are marked with crosses in
PhotoModeler.
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Figure 4.11: The view of object marked points in the 3-D Viewer window in

PhotoModeler.

Reset Umlonsg

Figure 4.12: The model in the 3-D Viewer window in PhotoModeler by

connecting the targets with triangular surface elements.
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Figure 4.13: A screen capture from PhotoModeler with the reconstructed phantom

surface.

% PhatoMadeler Pro: Example_1,pmr.

Fin Ect Marking Referencng froject Window Options Heb

= o B e B-BQARHY v Defar -
: l'( Surface | - G
Photo Cantrl %] 7| T L e et o e O P B T Y P o o e et P

Marbed | Projected
Phoios ";e(tnﬁ

jaapnao: w0l

Figure 4.14: A screen capture from PhotoModeler showing the adding of scale to

the 3-D model using a pair of control points.
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2) EXAMPLES AND APPLICATIONS OF PHOTOGRAMMETRY
APPROACH

This section presents some of the examples for shape reconstruction using
the apparatus and methodology detailed in the previous section of this chapter.
These examples are also a part of published papers in conferences that will be
discussed in last section. These examples along with an accuracy study prove
beyond doubt that the photogrammtery approach is an easy-to-use and effective
tool for acquiring the 3-D surface of a randomly shaped object. This technique is
practical and can be easily adapted in clinical environment.

2.1. Reconstructed Shapes and Accuracy Assessment

To assess the precision of the photogrammetry apparatus, an experimental
assessment with 3-D reconstruction was conducted. Two sets of solid glycerin
phantoms were fabricated using the recipe for intermediate water content tissues
(IWCT) [see chapter 3]. The 3-D models of the phantoms were reconstructed
using PhotoModeler. To investigate the differences between the actual and the
reconstructed model shapes and sizes, direct comparison was done between the
dimensions of the CAD models from PhotoModeler and the actual measurements
of the phantoms. There were two groups of shapes that were investigated: (i)
canonical shapes such as cones with pointed tips and cylinders, and (ii) random
shapes such as round or elongated phantoms and cones with curved tips. The
difference in the modeling steps in PhotoModeler with these two shape types was
mentioned in the sub-section 1.3 of this chapter.

Table 4.1 shows the results of 3-D shape reconstructions for the imaged
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phantoms. It demonstrates that the absolute maximum error for the dimensions of
all 3-D models is 2 mm. This maximum error occurs for shapes that contain
singular points, e.g., the tip of the cone. For regular smooth surfaces with mild
curvatures, the reconstruction is more precise, with a maximum error below 1
mm. The reconstructed examples for random shapes are given in Figure 4.17 and

that for canonical shapes are given in Figure 4.18.

TABLE 4.1: COMPARISON OF THE ACTUAL DIMENSIONS WITH THE RECONSTRCTED

DIMENSIONS OF THE 3-D MODELS FOR VARIOUS SHAPES USING PHOTOMODELER.

Actual  Reconstructed Absolute Average

Size
Shape of phantom size size error of errors
Parameter
(mm) (mm) (mm) (mm)
Height 95 94 1
Long 1
Radius 23 22 1
. Height 70 70 0
Cylinder Medium 0.5
Radius 25 26 1
Height 45 45 0
Short 0
Radius 25 25 0
Pointed S. height 94 96 2 1.8
tip B. radius 35 36 1 '
Cone S. height 92 91 1
Curved tip B. span 66 68 2 2
Top span 20 21 1
Height 26 25 1
Round 0.5
B. span 53 53 0
Random
Height 45 45 0
Elongated 1
B. span 34 32 2

‘B.” - Base; ‘S.’ — Slant
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(a) (b)

Figure 4.17: Actual (top) vs. reconstructed (bottom) for random shapes: (a) round

bowl-like shape with marked targets; and (b) surface of cone with curved tip

formed by joining marked targets with triangular surface elements.
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Figure 4.18: Actual (top) vs. reconstructed (bottom) for canonical shapes: (a) cone

with pointed tip; and (b) long cylinder. Both are formed with NURBS based

surfaces.

2.2. File Compatibility for EM Simulators

The most popular EM simulators such as HFSS [18], XFDTD [19] and CST
[20] can import both STL and IGES formats easily. Also, STL CAD files
imported in HFSS can be further exported into standard SAT format that is

compatible with most simulators. An important point to make is that sometimes,
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due to conversion, the models may have mistaken units. This may require proper
model scaling.

Furthermore, CAD tools in these EM simulators can be used for making
shelled or hollowed phantoms for simulations with two-media numerical
phantoms comprising of skin layer and homogenized breast tissue. For example,
various tools such as Copy and Paste; Scale; Boolean; Separate Lumps are used to
construct the model in XFDTD (an FDTD solver) shown in Figure 4.19.
Similarly, HFSS (a frequency domain FEM solver) has tools such as Scale,
Boolean, Coordinate offset, Split, which can be used to create a similar simple

breast model as shown in Figure 4.20.
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Figure 4.19: The two-media simple breast model in XFDTD.
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Figure 4.20: The two-media simple breast model in HFSS.

3) VERIFICATION WITH FORWARD EM MODELS

In order to investigate the accuracy of the photogrammetry-based approach,
we conducted experiments to compare the measured and simulated S-parameters
for a set-up. The experimental set-up comprised of two UWB antennas, a
glycerine phantom emulating the breast, and isopropyl alcohol as the coupling

medium. This investigation provides only the initial verification of the concept of

using photogrammetry images to build accurate forward EM models in both
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frequency- and time-domain techniques. The experimental procedure for a
homogenous physical phantom is: (i) the surface of the imaged object is acquired;
(ii) the dielectric parameters of the imaged object and coupling medium are
measured and recorded; (iii) the imaged object and the antennas are immersed in
the coupling medium; and, (iv) the S-parameter measurements are carried out.
The mutual orientation of the antennas about the phantom is captured
automatically in the photogrammetry images and facilitates accurate simulation.
3.1. Hardware and Measurements

The objective of this work was to achieve acceptable alignment between
EM forward models and the microwave S-parameter measurements. Such
alignment is a crucial requirement in tomographic image reconstruction. To
validate the alignment, it is important to know the constitutive parameters of both
the physical phantom emulating the breast and the host (coupling) medium. For
that, Agilent 85070E Dielectric Performance Probe Kit [21] connected to a vector
network analyzer was used. These instruments were already described in chapter
3. The frequency range of the measurements was between 2 GHz and 10 GHz.
The physical phantom was the glycerine intermediate water content tissue
(IWCT) recipe for the random shape and low water content tissue (LWCT) recipe
for the canonical shape (see chapter 3).

The used UWB antennas were printed monopole antennas fed by a 50-Q
coplanar waveguide (CPW) [22]. Figure 4.21 shows the shape and dimensions of

the UWB antenna which has been designed to operate in a lossy coupling
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medium.

Our group used isopropyl alcohol as the coupling medium. Figure 4.22 (a)
shows the complete measurement set-up including the antennas and the physical
phantom immersed in isopropyl alcohol in a glass tank with dimensions
20"x10"x20". The phantom is placed on a thin Plexiglas stand, which is in the
middle of the tank. This is to minimize the reflections from the sidewalls, the
bottom and the alcohol bath surface. A vector network analyzer (Advantest
R3770) is used to measure the S-parameters. This 4-port 20-GHz VNA has the
added capability to perform up to 16-port S-parameter measurements with an
additional test set (not shown). The VNA is shown in Figure 4.22 (b).

Figure 4.23 (a) and (b) show the simulated structures in HFSS. Both the
structures contain the two UWB antenna elements. One of them is for a 3-D
model of the randomly shaped physical phantom [Figure 4.23 (a)] and the other
one is a 3-D model of the canonically shaped (conical) phantom [Figure 4.23 (b)].
Both are reconstructed by the photogrammetry approach. The computational
domain is an 8 cm x 8 cm x 11 cm box terminated by absorbing boundaries. The
constitutive parameters of the box are those of isopropyl alcohol. The measured
permittivity and tangent loss of the alcohol and the phantom from the probe

measurements are used in the simulation as frequency-dependent data sets.
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G 0.6 mm
W, 30mm
W, 14 mm
Ly 26 mm
Ly 10.7 mm
Ls 14.7 mm
1.7 mm

W,

Figure 4.21: The UWB antenna element and its dimensions (from [22]).

(a) (b)

Figure 4.22: Components of the experimental set-up: (a) the two UWB antennas

and the physical phantom immersed in the isopropyl alcohol; and (b) the

Advantest R3770 VNA performing 2-port measurement.
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(a) (b)
Figure 4.23: Complete EM forward model using HFSS containing the two

antenna elements, their feed-lines, coupling medium and the 3-D shape obtained
via photogrammetry for: (a) random physical phantom, and (b) canonical physical

phantom.

3.2. Results

Figure 4.24 shows the measured and simulated S-parameters from 2 GHz to
6 GHz for the simulation set up in Figure 4.23 (a) (random shape phantom). In
this frequency range, a good agreement is achieved between measured and
simulated results, which demonstrate the accuracy of the photogrammetry surface
model of the physical phantom. This is an encouraging result toward the
development of our frequency-domain and time-domain EM forward models and
their implementation in novel imaging algorithms. Due to the very dissipative
coupling medium the signal at higher frequencies was too noisy to analyze.

Figure 4.25 compares the measured and the simulated S-parameters from 3
GHz to 11 GHz, which comprises the UWB frequency range. Good agreement

was achieved between measured and simulated results that demonstrate the

163



M.A.Sc. Thesis — Aastha Trehan Chapter 4 McMaster University — ECE

accuracy of the constructed forward EM model using the photogrammetry surface
reconstruction. The noise was less of a problem in this set up as the phantom was
narrow near the tip where the antennas were placed. This made the separation

between the antennas smaller, hence the smaller signal loss.
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Figure 4.24: Comparison between measured and simulated results for the 2-

antenna set up for random shaped phantom: (a) return loss, and (b) insertion loss.
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Figure 4.25: Comparison between measured and simulated insertion loss (in dB)

for the two UWB antennas with a cone-shaped phantom.

4) RECENT DEVELOPMENTS
4.1. Published work

Our group has proposed a photogrammtery method for the accurate
reconstruction of the 3-D surface of an imaged object, i.e., breast, at the time of
the microwave measurement. The approach can also provide the exact mutual
location and orientation of the imaged breast with respect to the antenna elements.
The knowledge of the surface shape of the imaged object can bring great benefits
to both radar-based and tomographic microwave imaging approaches. In the
former case, it provides the exact shape and location of the skin interface with
respect to the imaging array thus making the identification of skin-clutter signal

components much easier in comparison with all currently existing approaches. In
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the latter case, it clearly identifies the surface of the volume where permittivity
reconstruction must take place. This greatly simplifies the complexity of the
inversion procedure. The approach is simple to implement and automate as well
as requires straightforward components. This is the gist of the work published in
the first conference paper [23]. Section 1 and Section 3 describe the results
published in this paper.

In the second conference paper [24], we conducted an accuracy assessment
of the proposed 3-D photogrammetry-based surface reconstruction. It was
established that the accuracy of the surface reconstruction of the object through
photogrammetry is better than +1 mm. The results described in Section 2 and
Section 3, were published in this paper. This paper received the ‘Honourable
Mention Student Paper Award’ by IEEE Antenna and Propagation Society (APS).
4.2. Laser Scanner

As a result of the validation of the photogrammtery application in
microwave imaging, our group acquired in the summer of 2009 (while this thesis
was being written), an automatic 3-D laser scanner REVscan [25]. This is one of
the first auto-positioned handheld scanners in the market. The scanner is shown in
Figure 4.26. The surface rendering is done in real time and the surface can be
verified during the scanning process. It can build the models within minutes and
this is highly advantageous in clinical environment where patient motion is
usually a hassle. The surface and shape is reconstructed within a micrometer

resolution.
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Figure 4.26: A handheld 3-D laser scanner from Creaform Inc. [25].

However, laser scanning system costs around 45,000 dollars (with academic
discounts). Thus, the photogrammtery-based system remains a good candidate for
small scale studies and experiments with the AMWI techniques. A
photogrammtery system can be assembled with less than 1500 dollars. As surface
acquisition can benefit AMWI techniques greatly, such optical systems are
indispensible. These systems are definitely easier to implement and utilize for
clinical practice in comparison with the microwave radar measurements of the
skin surface position, which were proposed previously (and proven only in

simulations).
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CHAPTER §

PATIENT SPECIFIC NUMERICAL
BREAST PHANTOMS

INTRODUCTION

Numerical simulations are an essential part of many design processes.
Electromagnetic (EM) simulations are widely prevalent both in research and
industry prior to any prototyping. This is required for optimizing the system to
achieve best performance before proceeding toward fabrication. In active
microwave imaging (AMWI), most of the proposed techniques are in simulations
and there are very few clinical trials [1]. This brings the need to realistic
numerical models of the breast in EM simulations.

The simple models of dielectric parameters for various breast tissues have

been outlined in section 3 of chapter 2. These models were also used as a target
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for the physical breast phantoms described in chapter 3. For physical breast

phantoms, the goal is to match the dielectric parameters (&, and o) as well as

possible to the measured tissue parameters. For the numerical phantoms, these
parameters are easily set up in the CAD files of the simulators. The EM
simulators we use are either based on finite-element method (FEM) or on finite-
difference time-domain (FDTD) methods. They have the capability to represent
dielectric models both as simple Debye models (FDTD simulators) and user-
defined frequency-dependent property data (FEM simulators).

The difficult part in preparing a numerical breast phantom is the 3-D CAD
model. This is due to the extreme tissue heterogeneity and the variations in size
generally found in breasts. In fact, a patient’s breast might undergo many changes
with age and lifestyle patterns. Most EM simulators have CAD capabilities just to
represent simple 3-D canonical shapes to construct antennas and 2- or 2.5-D
surfaces for planar circuit designs. This brings in the challenge of 3-D modeling
in EM simulators, which struggles in accurately representing the interior structure
of the breast and its surface that can be somewhat arbitrary. The surface
acquisition for randomly shaped objects was discussed in chapter 4. The 3-D
models for the reconstructed exterior surfaces acquired through this method are
compatible with most EM simulators.

The sources for constructing the interior representation of the numerical
breast models are usually Magnetic Resonance Images (MRI). Good initial

numerical models can facilitate inversion in the tomographic microwave
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approaches. This is essential in making microwave imaging a standalone cancer
detection system.

Building high-fidelity numerical breast phantoms in EM simulations is the
core of this chapter. This work is relevant even to general biomedical projects that
might require EM or any other analysis software to simulate complex biological
objects. In the remainder of this chapter, we refer to the numerical breast
phantoms as phantoms. Section 1 discusses the phantom requirements from the
point of view of classification. This includes the choice of patient categories for
phantoms and the 3-D modeling features compatible with the CAD interfaces of
the EM simulators. Section 2 discusses the MRI and the associated image
processing methods. Section 3 details the algorithm to convert 2-D MR slice
images into 3-D CAD models using an FEM-based solver. Section 4 discusses

possible improvements.

1) PHANTOM REQUIREMENTS
1.1. Patient Specificity

From adolescence to menopause, breast tissue is subject to many hormone
changes associated with the menstrual cycle, pregnancy, lactation, and age. The
glandular breast tissue even changes throughout the menstrual cycle [2]. The
fibro-connective and glandular tissue is measured in terms of density of breast
tissue; where high density implies more fibro-glandular tissue as compared to

adipose fat. It is known, that the density can be quite different from woman to
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woman. Variations in the mammographic density of breast tissue are referred to

as the parenchymal pattern of the breast [3]. As discussed in chapter 1, there is a

classification based on the breast composition with regard to density by the

American College of Radiology (ACR) under BI-RADS [4]. It is also referred to

as the radiographic breast density classification and it pertains to mammography.

It is again given here for convenience:

»  The breast is almost entirely fat (< 25 % glandular). Such a breast is usually
termed as ‘fatty’.

»  There are scattered fibro-glandular densities (approximately 25% to 50%
glandular).

»  The breast tissue is heterogeneously dense, which could obscure detection
of small masses (approximately 51% to 75% glandular).

> The breast tissue is extremely dense. This may lower the sensitivity of
mammography (>75% glandular).

A study with 708 medical cases from a large cohort of 45,000 women
assigned to mammography in the Canadian National Breast Cancer Screening
Study (NBSS) concluded that increases in the level of breast tissue density as
assessed by mammography are associated with increases in risk for breast cancer
[3]. The study reported that there was a 43% increase in relative risk between the
lower and the next higher category of density, as determined by the radiologist;
and there was a 32% increase as determined by the computer assisted method.

Also, similar large gradients in risk were found in women aged 40-49 years to
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those aged 50-59 years. Another problem with radiographic dense breasts is that it
is more difficult to detect cancers on screening mammography with high density
breasts, which leads to lower rate of early detection and higher stage of cancer at
disease presentation [5].

Age is another important factor when it comes to monitoring breast cancer
risk. A woman's chance of being diagnosed with breast cancer depending on age
is given by the National Cancer Institute (NCI) and has been shown in Table 1.1
of chapter 1. Also, age seems to influence the breast changes during lifetime.
Women in their thirties and early forties, that is the pre-menopausal years, have
mostly dense breasts. In the post-menopausal years, the glandular tissue of the
breast (mainly epithelial cells) is largely replaced by fatty tissue, especially in
parous women (women who have given at least one birth). The connective part of
the stromal cells (blood vessels, lymphatic, and subcutaneous fat tissue) also
shrinks [6]. This aspect is reflected in typical mammograms shown in Figure 5.1.

Other risk factors influencing breast changes are: (i) body mass index (BMI)
where higher BMI loosely implies more adipose fat content in body and breast —
but some studies show that adult weight gain is a bigger risk factor [7], (ii)
menopause status which ties in with age related differences, and (iii) exogenous
hormone use, which is highly inconclusive for assessing both risks and changes
[7].

The study on the effects of all these factors on the electromagnetic

diagnostic techniques was done by Poplack et al. [8]. They took subjects in four
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age groups i.e., 40-49 years; 50-59 years; 60-69 years and 70-79 years. They used
three techniques — near-infrared (NIR) spectroscopy, electrical impedance (EI)
spectroscopy and microwave imaging (MI) spectroscopy, to measure the
conductivity, permittivity and other electrical as well as pathological properties
with respect to factors mentioned so far. According to the observations with MI
spectroscopy, in agreement with other methods, there was statistically a 34% to
40% decrease in the conductivity and the permittivity with decreasing breast
density (hence increasing age). The effect was more pronounced at 600 MHz with

increasing fat content.

UNDER 30 307040 MID-A0s OVER 55
On this mammogram of ¢ The glandular tissue is As menapause approiches, — The ghandular visue, nane’
young breast, the active still dominant, but there i the glandular tssue miich reduced, appears as
glandular tusue appearsas — an increase in faty tisiue,  continues to reduce. so # fine network aver the
| 4 white trea accupying which shous up as darker — abnormalities are easter to darker areas .inl}u.{r .':'uu!g
‘ almast the entire fPlltfl'i:‘. areas around the white detectona mdnmagram 3

Figure 5.1: Mammograms showing age related variability (from [6]).
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Races such as Caucasian, African American, and Asian are also sometimes
predicted to play a role in incidence of breast cancer, where Asian women are said
to be in low risk category and women in Western countries are said to be in high
risk category. For instance, Chaudhary ef al. [9] tried to explore the reasons for
low incidence of cancer among Japanese women compared to their counterparts
in Great Britain. [t is assumed that genetic, environmental and lifestyle patterns
affect breast density, which in turn affects the relative cancer risk. A study [5]
with a review of 15,292 women aimed to compare breast density among white,
African American, and Asian women. It correlated breast density and race with
age, BMI, and breast or cup size. The investigation found no evidence that
mammographic breast density differences exist across racial groups. In fact,
differences in BMI, age and cup size seem to influence the density of breast
among racial groups. The study argues that one might predict that racial groups
with lower breast cancer risk should have lower mammographic density. But this
study had 435 Asian women in their cohort (one of the largest) and found that
density is highest among Asian women but still their risk is lower compared to
Caucasians. This does not mean that density and risk are not related, but only that
racial differences in risk do not seem to correlate with racial differences (or the
lack thereof) in breast density. This warrants that studies relating mammographic
density to cancer risk are usually with subjects from North America or Western
countries and hence density might be a good predictor within racial groups. But

its establishment as a generic predictor across racial groups requires further
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studies. Also, more study is needed in relating race to the risk of developing
breast cancer before it can be taken as a viable factor [5].

Based on the discussion and analysis so far, it seems that for North
American women (target USA and Canada); the patient-specific breast models for
EM techniques must include age and density (based on BI-RADS) as factors for
establishing categories. BMI (subject to many changes both for a woman and
within women) and breast size has been mostly assessed as a subset of density
classification for their effects in breast tissue distribution. However, future studies
may elevate them to main factors. Two categories are prominent with age: (a) pre-
menopausal or women with age less than 50 years; and (b) post-menopausal or
women of age more than 50 years. Four categories are based on density as per BI-
RADS. Based on these classifications, eight patient-specific categories can be
used to set up a data base for patient-specific models. This is done by selecting the
suitable sets of MR images as discussed in section 2 of this chapter. The eight
categories are listed as: (i) post-menopausal fatty, (ii) post-menopausal scattered
density, (iii) post-menopausal heterogeneous density, (iv) post-menopausal
extreme density, (v) pre-menopausal fatty, (vi) pre-menopausal scattered density,
(vii) pre-menopausal heterogeneous density and, (viii) pre-menopausal extreme
density.

1.2. 3-D Model Specificity
The input necessary to construct appropriate 3-D CAD models of the breast

for EM simulators is presented under the following three items:
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1.2.1.  3-D modeling norms

Most of the physical geometry that is visible is in the form of solids. There
are multiple ways that these solids can be represented in CAD applications for the
purpose of design and development [10]. Some applications such as in gaming
industry convert these solids into polygon meshes by the process of surface
tessellation. However, the engineering and non-visual simulations require objects
to be represented as solid volumes.

An important classification with modeling is the concept of manifold
structures. The mathematical description can be quite complex and
comprehensive as given in [11], [12]. A simplified mathematical result for 3-D
modelers is given in [13] as the following definition:

A manifold geometry is one that satisfies the following Euler-Poincare equation:
E+2=V+F (1)

where E is the number of edges, V is the number of vertices, and F is the number

of faces.

A non-manifold geometry is the one that violates the above equation. In
geometrical modeling context, the concept of manifold topology is often referred
to as 2-manifold boundaries of solid objects [15]. It means that each point on the
2-dimensional boundary is completely surrounded by other points on the 2-
dimensional boundary. Each point on the boundary of a manifold solid divides the
modeling space into two regions — the region inside the solid and the region

outside the solid. If at any point on the boundary, the modeling space is not
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explicitly divided into two regions, then the object is non-manifold at that point.
An example of a non-manifold vertex is shown in Figure 5.2 (a) and it can be seen
that there are two "inside" regions associated with the point. One can go in any of
two directions from this vertex to go "into" an object. The region can also extend
along a curve and a typical example of this would be two solid blocks that share
an edge. This is depicted in Figure 5.2 (b) where space is not divided into an
"inside" and "outside" region at any given point along the edge. Similarly, a face
can have a non-2-manifold region in its interior such as that shown in Figure 5.2
(¢). In this example a face is non-manifold at the point where the two circular
holes touch and at this point there are two directions "into" the interior of the face.

Non-manifold structures are usually not accepted as valid objects in most
CAD packages and simulators. The special modeling operations such as union,
subtraction etc., which are part of Boolean operations in 3-D modeling, have to be
performed carefully between manifold structures to maintain the manifold
characteristics in the result. Non-manifold structures need special algorithms to
deal with and correct the invalid regions.

Some complicated scenarios of non-manifold topology construction due to
various union operations are shown in Figure 5.3 (a)-(d) [16]. In each of these
cases, the non-manifold edges are used more than two times by faces. These
examples of non-manifold edges can be:
> Two solid regions meeting along an edge as shown in Figure 5.3 (a) and (d).

This may be a result of simple Union among cylinders or cubes.
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» A single solid region that contains a non-manifold edge (locally, there are
two solid regions that meet along the edge) as shown in Figure 5.3 (b).
> An external sheet face that is connected to a solid region along a non-

manifold edge as shown in Figure 5.3 (c).

(a) (b) (c)
Figure 5.2: Examples of non-manifold topology: (a) a non-manifold vertex, (b) a
non-manifold edge, and (c) a non-manifold vertex in a face. All examples are

from [15].
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Monmanifold E Monmanifold Edge

(a) (b)

Monmanifold E

(©) (d)

Figure 5.3: Common examples of non-manifold edge creation in solid modeling:
(a) two solid regions touching along a non-manifold edge; (b) a single solid
region with a non-manifold edge; (c) a solid region touches a sheet region along a
non-manifold edge; and (d) two solid cubes united at a non-manifold edge.
Examples (a), (b), and (c) are from [16] and (d), is from [17].
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1.2.2. Compatibility issues

One of the difficulties in electromagnetic modeling has been the lack of
standard CAD data to enable direct import of data into analysis software. Many
solid modeling standards have been proposed over the years, but due to the many
separate interests involved and differing geometrical requirements, a definitive
standard has yet to be reached.

Recently a CAD format called SAT has gained favor and can be produced
by many proprietary CAD mechanical drawing packages [18]. The SAT file is a
format developed by Spatial Corporation [14] for the data storage from the ACIS
geometric modeling kernel and has become a de-facto standard [18]. Products
such as AutoCAD 2000, CADKEY, Turbo CAD, Solidworks and COSMOS all
use the ACIS kernel for producing SAT data or allowing input and output of SAT
files. This kernel is also being adopted for EM simulation. The ACIS kernel
supports many advanced solid modeling capabilities, including analytic geometry
representation.

A broad selection of third party mechanical CAD translation products are
being constantly developed for the SAT format (e.g., the bi-directional ACIS Data
Exchange Translators, which support geometry transfer to and from SAT using
IGES, VDAFS and STEP formats) [19]. This format was also used in chapter 4
for simple models from photogrammetry-acquired 3-D models.

The SAT format is closely tied to ACIS’s internal topological data structure,

allowing the kernel to quickly rebuild the data structure from saved files. For
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example, the faces that define each connected boundary surface are grouped
together into “shells,” and the shells that bound a connected piece of solid
material are grouped together into “lumps.” Surface and solid properties could
conceivably be attached to the shells and lumps, respectively. Each vertex is
specified separately from the 3-D point that determines its location. Every edge-
use is transmitted separately from its edge and the loop that contains it. Each
entity is assigned an index corresponding to its line number in the ASCII version
of the SAT file, and the full radial-edge connectivity of the entities is recorded
using these indices. Figure 5.4, shows an excerpt from an ACIS SAT file

representing a simple cube [19]. This proprietary format cannot be programmed

outside the ACIS kernel.
2010190 coedge $-1 $35 $22327 8541812 8-1=
7 Unknown 16 ACIS 2.1 Solaris 24 Wed Jul 30 16:51:37 1997 coedge $-132234554936518312%8-1 =
-1 9 S0V IOVPRTIV547e-07 1 0000000000000 003%e-10 coedge §-1 364 330822 5440820 5-1 =
body §-1318-13-1= edze $-1 357 366 543 567 forward =
hzp -1 5-1 280 = coedge $-1 342 541823 3450812 5-1 =2
shell3-13-15-1838-18%1= edge §-1 335 $51 $45 868 fornard #
face $-1 $4 35 32 5-1 $6 reversed ungle® edge $-1 $52 $35 $33 $69 forward =
face 5-1 57 33 52 5-1 $9 revernted ungie = coedge 3-1 370325559 3710550 5-1 =
loop $-18-1531083 = coedge $-1 325 $70342 88350830 8-1 =
plape-surface $-100500-1 -1 00 orward v ITI1I= loop $-18-15705838=
verzex §-1§18 362 = pomnr$-1-535-5=
scaght-curve $-1 5-35-10011= sctughtcurve $-1 5-5-5-10011 =
face 3-1 3-1 350 32 3-1 363 reversad sSngle = pomz $-1-5-5-5=
plane-surface 3-10-5001-0-00 1 forward v1IIII = srught-curve $-1-5-5-301011=
coedze $-1 330384 83286015208-1= End-of-ACIS-damn

Figure 5.4: An excerpt from an ACIS SAT file for a cube from [19].
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1.2.3.  Level of affordable complexity

The objective here is to be able to run simulations with 3-D models both in
frequency and time domain simulators. The Ansoft High-Frequency Structure
Simulator (HFSS) [29] is a frequency-domain finite-element-based simulator used
frequently in our research. Depending upon the complexity of the structure, this
simulator may require thousands of megabytes (MB) of RAM. Computer-resource
requirements are always an important consideration for users of this type of
products [19].

The 3-D EM simulators based on finite-element methods require 3-D solid
model representations that can be meshed with tetrahedral meshes. Analytic
surface representations must be faceted prior to applying boundary conditions,
assigning material properties and performing solution processes [19]. If the solid
model is too discrete with many entities, it might pose memory restrictions
considering that the simulator will mesh each entity into at least two tetrahedrons
to solve inside the structure. Also, the computational resources increase manifold
with complicated boundaries in a 3-D model. At the same time, care has to be
taken not to perform operations that might make 3-D models contain non-
manifold edges or intersection bodies. This is why we have to build algorithms
that can simplify the 3-D modeling process, while the 3-D models of complex
biological structures are acceptable in EM simulations.

It is important to state that the 3-D models we prepare to represent the

patient-specific beasts are just initial models for the reconstruction algorithms.
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There is no need to model exactly the breast complexity as seen in the detailed
images from MRI. The AMWI techniques are not intended for use after an MRI is
done. The AMWI techniques have to work as standalone methods. Hence, it is
necessary to simplify the images (sub-section 2.3 of this chapter) to create simpler
models that can be computationally efficient. In fact, the model simplification still
needs improvement and this will be discussed in section 4 of this chapter.
Time-domain solvers based on the FDTD method may be more flexible with
3-D detailed models from MRI due to their implicit voxel-based meshing grid.
However, model simplification can also help with their memory resources in this

case because the voxel size depends on the smallest geometrical detail.

2) USING PATIENT SPECIFIC MAGNETIC RESONANCE IMAGES
(MRI)

Magnetic Resonance Imaging is a tomographic technique based on
principles of nuclear magnetic resonance (NMR) [21]. This medical modality can
provide a combination of high resolution, excellent soft tissue contrast, and a high
signal-to-noise ratio. The process through which excited nuclei return to
equilibrium after a radio frequency excitation (by giving up their energy to the
environment) is known as relaxation. Some key pulse sequences for contrast in
MR images are named as T1, T2, T2*, FLAIR, STIR and PD weighted, which
depend on the time constants of the relaxation processes. More details about this

modality and the mechanisms involved can be easily found from many books on
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the basic principles of MRI and in numerous publications such as [22].

T1 is also known as longitudinal relaxation or spin-lattice relaxation. The
value of Tl is dependent upon the physical and chemical nature of the
environment surrounding the excited nuclei. In general, smaller molecules,
including water, relax much more slowly than medium sized molecules such as
lipids [22]. The T1 value of protein-bound water is considerably shorter than that
of free water. Accordingly, release of bound water in tumors or other lesions
could increase the T1 value. For example, the T1 value of pure water is
approximately 3 s, whereas that of fat is generally a few hundred milliseconds
[22]. When a tissue with a short T1 is imaged using a sequence with a relatively
longer time of repetition (TR), the signal from the tissue is intense. In TI
weighted MR images of the breast, fat gives a very bright (whitish) appearance
and the high water content tissue appear darker, where muscle and ducts appear
almost black. As confirmed by a radiologist, Dr. Boylan [23], T1 weighted images
are best for distinguishing between tissues in breast.

2.1. Image Formats

The Digital Imaging and Communications in Medicine (DICOM) standard
was created by the National Electrical Manufacturers Association (NEMA) [24]
to aid the distribution and viewing of medical images, such as CT scans, MRIs,
and ultrasound. All specifications about DICOM format are available in [24].

A single DICOM file contains both: (i) a header, which stores information

about the patient's name, the type of scan, image dimensions, etc., and (ii) the
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image data, which can contain information in three dimensions [25]. The
information included in the headers of the DICOM images is also called metadata.
In order to extract all this information from a typical DICOM image, MATLAB
Image Processing toolbox [31] can be used. The dicominfo and dicomread
functions can process almost all the metadata fields, returning a structure where
every field is a specific item of image information. DICOM images may be
‘anonymized’ to remove any sensitive patient information. However, some of the
basic pixel and plane attributes of the image are also given in the DICOM
metadata. A few key ones are shown in Table 5.1. The pixel is the smallest
element of the digital image and the signal in the voxel of the object being imaged
is mapped to an intensity of the pixel as shown in Figure 5.5. DICOM image data
can be compressed to reduce the image size. Files can be compressed using lossy

or lossless variants of the JPEG format [25].
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TABLE 5.1: SOME OF THE VARIOUS ATTRIBUTES STORED IN DICOM METADATA.

Metadata attributes Description

PixelSpacing The physical length and breadth of
pixel as in the plane of 3-D space
occupied by the patient, (in mm).

SliceThickness or SpaingBetweenSlices The height of an image slice (in
mm).

ImagePositionPatient The x, y, and z coordinate of the
center of first voxel transmitted (in
mm).

BitDepth Number of bits used to describe
each color of the pixel.

ColorType Type of the image such as grayscale,
indexed, RGB etc.

VOXEL K‘—\

Pixel

Figure 5.5: A voxel of tomographic slice through brain mapped to a pixel in MRI
(from [21]).
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2.2. Patient Database

The MR images have been obtained from the Imaging Research Centre of
St. Joseph’s Healthcare Hamilton [23]. This has been courtesy of Dr. Mike
Noseworthy and Dr. Colm Boylan who have helped extensively with consultation,
data collection, and recommendations. We acquired 16 MRI sets such that each of
the eight patient categories can have two allotted sets. This was done after we (me
and Dr. Nikolova) obtained research ethics board approval (REB). It has been a
long process to acquire these images and a lot of help and guidance was given by
Dr. Noseworthy and Dr. Boylan.

2.3. Image Processing

A typical MRI set has 90 to 120 images. A few of them at the start and end
have to be discarded for our purposes as they are images of the chest wall and are
usually too noisy to be used in models. This on an average leaves 75 to 85 slice
images that are relevant and show the imaged breasts.

The DICOM image files for each set were converted into lossless JPEG
with the help of a freeware application called XnView [32]. This conversion
decreases the size of the images and makes it easier to use for image processing
algorithms in MATLAB [31]. Also, information regarding the image is extracted
from the DICOM metadata and is stored for each set. The information of
PixelSpacing and SliceThickness (see Table 5.1) are important to get the
resolution to convert a pixel to a voxel in 3-D space.

To use the T1 weighted MR images for making 3-D models, the important
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step is the identification of the breast tissues in the images. As discussed in
chapters 2 and 3, the important tissues to identify inside a breast are: fat,
transitional tissue, fibro-glandular tissue, and muscle. A few functions for image
processing have been written in MATLAB for this purpose. The first code to run
is initialize_breast.m before all the images in an MRI set can be segmented. This
program is user-interactive and asks the user to select a cropping rectangle over
the image showing the largest breast visually. This is because we intend to model
just one breast, either left or right for all the images in the MRI set. Also, we need
a constant image-array size (determined by the image showing the largest breast)
for all the images to be coherent when modeling in 3-D space. The user has to
draw a rectangle over the vital part of the image (the breast) that has to be
modeled. This can also be interpreted as the region of interest (ROI). A properly
selected ROI aids the algorithm later. Once the user is satisfied with the crop
image shown interactively, initialize breast.m fine-tunes this crop rectangle and
stores the information about the rectangle size and whether the left or right breast
was selected. After this is done for each set, the same rectangle is used for all the
images of the specific set to crop a breast and carry out the algorithm.

The first code of the image processing algorithm for all the images is then
crop_clean image.m that uses the stored rectangle information to crop the
images. It also performs some morphological and edge detection steps to extract
the applicable image and the outline of the breast. This flow is shown in Figure

5.6. Please note that initialization is performed once for each MRI set of 70 to 90
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images.

Figure 5.7 shows the second step in the image processing algorithm. It is the
essential step of identifying tissues in the breast volume by the intensity of the
pixel. As said before, T1 weighted images have fat as a bright appearance and
high-water content tissues as darker appearance. Tissue identification can be done
numerically by looking at the image histograms in MATLAB. A range of pixel
intensities can be mapped to a particular tissue identification number. These are
termed material numbers. This makes it easier to use images later in the modeling.
Also, it removes the noise, which is a part of most images. Thus, it gives clean
arrays or maps to work with. The knowledge of the breast anatomy can be used
since it is known that in the top image part we correlate dark pixel intensities with
muscle while in the middle part, the dark intensities correspond to the dense
glandular tissue. The extracted outline gives the limits of the region where the
intensities are mapped and the location of the skin pixels is assigned. The
intermediate intensity pixels are allotted “transitional-tissue” material number and
the very bright pixels (mostly subcutaneous) are assigned the “fat” material

number. This is done using a function called assign material numbers.m.
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Figure 5.6: Flow chart showing the first three steps in the image processing of the

MR images.
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Figure 5.8 shows the flow of steps from converting the extracted image
from crop clean_image.m to a material map by using assign material
numbers.m, followed by the use of process material map.m to create smoother
boundaries between different tissue regions. The smoothing is important for the 3-
D simulation as will be described in the next section. Also, the skin pixels, which
are not easily detected in MR images, are removed totally, and a smooth 2 mm
thick layer (approximately 3 pixels) is introduced. Furthermore, the MR image is
used only to determine the interior tissue distribution. The surface (or skin
location) will be a result of the automatic surface reconstruction discussed in
chapter 4. The final material maps can be easily converted to dielectric property
maps (permittivity and conductivity) by the corresponding material numbers
using the simple target dielectric models from section 3 of chapter 2. A typical

example is shown in Figure 5.9.

Initial Matcrial Map :
Using Final Material Map : Using
assign_material numbers process_material_map.m
.m

Extractcd
Image

Figure 5.8: Flowchart showing the results of MATLAB codes in deriving a
material map.
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Figure 5.9: Material map conversion to dielectric property maps at 8 GHz.
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3) 3-D MODELING WITH HFSS

The next objective is to construct the 3-D structure from a sequence of two-
dimensional MR images in an EM simulator. HFSS is selected as it is the most
commonly used simulator. A solution that can work with HFSS is definitely going
to be acceptable for most analysis software packages.

3.1. Contour Construction in MATLAB

The method we intend to use to construct each slice image is based on
contour construction [27]. A contour line can be viewed mathematically as the
intersection of an arbitrary surface and a plane. As seen in the previous section,
each tissue region (after being smoothed out) can be seen as a polygon in the
material map, which corresponds to a plane going through the surface in a breast
slice.

Contour lines of an irregular surface do not lend themselves to curve fitting
or any other attempts at precise mathematical description [27]. The most
convenient numerical description of a contour line is, perhaps, the one where the
line is approximated as a string of straight line segments. This digitized contour
line requires two pieces of information — nodal coordinates and connectivity of
nodes. The connectivity is defined by the sequence in which the nodes are listed.
[f the contour line traced between these sequential nodes is closed (implies initial
and final nodes are the same), then it defines a polygon.

In the material map, each tissue region is a polygon. If the boundary nodes

of these tissue regions are simply determined from the material map array as the
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outmost pixels of the region, the tissue polygons drawn in 3-D space will be
disconnected. Hence, the boundary edges drawn for the group of tissue polygons
are not contiguous. An example is shown in Figure 5.10 where the disconnected
polygons have a narrow gap, whose extent is one pixel resolution. To better
understand this non-contiguity problem and a possible solution to fix it, a simple
scenario is shown in Figure 5.11. There are two rectangular polygons in an image,
where one polygon has been assigned a material number 40 and the other is
assigned a material number 80. The polygons are traced by the connectivity lists
using the boundary nodes of the polygons. The minimum distance between the
nodes is the A gap, which is the resolution coming from MRI. It can be clearly
seen from the illustration on the left of Figure 5.11 that the transition between two
polygons is not included in the connectivity lists. This leaves a A gap between the
polygons. The boundary nodes for the adjacent tissue polygon have to be over-
lapping, but not create an intersection region. One possible way to solve this is by
successively fixing boundary nodes for each tissue polygon in a hierarchy. Here
in the given example, a higher priority is given to material polygon numbered 40
and its boundary nodes are extended towards the polygon numbered 80. The gap
between the two polygons is filled up with material number 40.

The above solution is implemented in an algorithm in edging.m, where the
boundary nodes are fixed for each of the five tissues in succession. For instance,
this is done by first defining the boundary nodes for muscle such that the region

of the muscle polygon is non-intersecting with any other tissue polygon (fat,
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transitional tissue, fibro-glandular tissue, and skin) and retains the contiguity.
Then the boundary nodes for the transitional tissue are defined so that the region
is non-intersecting with fat, fibro-glandular tissue, and skin (muscle is already
taken care of). The process then follows with fat. The nodes for fibro-glandular

tissue are determined at the end.

Patch showing disjoint polygons with
gaps (appear as white split between
red shaded polygons)

Edges for 2-D polygons in
material map

Figure 5.10: The boundary traced for polygons from material map in coordinate

space.

Next, we need to find a path in a directed graph to get the connectivity list.
There are certain heuristics for choosing an appropriate path with the requirement

that the path is Hamiltonian (a unique path that visits every node once) [26] and
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non-intersecting (for a valid non-manifold polygon). It is not advisable to use the
connectivity algorithms in MATLAB. From our experience, in many cases, the
connectivity list obtained with such algorithms draw intersecting polygons. An
example is shown in the top image of Figure 5.12, where connectivity-based

algorithms can lead to the wrong traced path.

Origin A Origin .A
(0.0 : : : (0.0) )
A A :

Figure 5.11: Example of two polygons with materials numbered 40 and 80. They
are traced with connectivity nodes as shown on the left. A gap A as coming from
MRI, is left between the polygons due to no transition between 3 and 4™ row.
One possible solution is to give higher priority to the material polygon number 40

(top) and to extend it towards the material polygon number 80 (bottom), as shown

on the right.
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Hence, a function called boundary trace.m was written to get good
connectivity lists. The idea is to trace the correct path as shown in the bottom
image of Figure 5.12. It uses a minimum-difference Hamiltonian-contour
construction algorithm where each successive node is selected based on two
proper criteria. Firstly, the change in next node’s array-index should be minimum,
which can be evaluated with the sum-of-differences (SD) of row and column (col)

indices of the array:

)

SD =|row _index_ . —row _index, l + Icol _index,  =~—col _index,

t node it node next node

Secondly, priority assessment in direction is done to select the next node. This is
shown in Figure 5.13. The arrow ends at the node to be selected in the image-
array for the connectivity list. The traversing of the path can be either clockwise
(CW) or counter-clockwise (CCW). For HFSS this does not matter as long as the
constructed polygon is closed and valid. The priority (P#) consideration is shown
for SD evaluated up to 2. Above an SD of 2, the algorithm selects the first
contender node in the list of unique nodes arranged in an ascending order. This
seldom happens as nodes are usually close to each other. The connectivity lists
starts with the uppermost node present in the edge map (obtained with edging.m)
for each tissue polygon.

There are some error checks to make sure that there are no intersections or
invalid list formations. The trickiest part is the node where three tissue materials
meet. This makes boundary trace.m a non-trivial implementation. The problem is
significant with forming a connectivity list for skin as it is very difficult to control
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the crossed patterns formed at regions where there are just 2-pixel neighborhood.
Hence, the construction of skin has been left out as a manual CAD manipulation
process on the 3-D object imported after surface acquisition. The examples of
results from boundary trace.m are shown in Figure 5.14. The figures show
contiguous blocks traced from the connectivity lists.

There can be another occurrence that should be mentioned. There might be
tissue polygons that do not share any boundaries with others but appear as holes
within bigger polygons (that are of different tissue material than holes). It is very
easy to detect these smaller polygons and make the path for them. However, there
can be various sizes and shapes of these polygons and in modeling they stand out
alone and cannot be united with the main body of their tissue type (and of course
to the different tissue volume they are embedded in). In modeling, if one desires

to ignore the small holes, one has to delete them. Some examples are shown in

Figure 5.15.
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st o st o, r---)

Starto----’

Figure 5.12: The top example shows the wrong path that can be formed if proper
criteria are not taken in tracing the boundary (usually happens in connectivity-
based algorithms). The bottom example shows the correct path that must be traced

for a valid polygon formation.

203



M.A.Sc. Thesis — Aastha Trehan Chapter 5 McMaster University — ECE

CCW P#1 CW| P#1

CQW [ CWi-—- P#2

CCW P#2 ] —> CW P#2

CCW, P#1 CW P#1

CCW || CW -~ PE3

Figure 5.13: Minimum-difference algorithm to trace Hamiltonian-contour
between nodes of a tissue polygon (CW: counterclockwise; CCW:
counterclockwise; P#: priority to select node based on direction). The above plot

is for a sum-of-differences (SD) of 1 and the plot below is for SD 2.
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Joint patches from Hamiltonian
contours: using edging.m and
boundary trace.m.

Disjoint patches

Figure 5.14: Examples showing the results of edging.m and boundary trace.m

after the lists of nodes making a Hamiltonian Contour is obtained.
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Figure 5.15: Examples showing various detected holes that are basically a small

polygon within a bigger polygon (the bigger polygon’s material is different from
that of the smaller).
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3.2. Polygon Formation in HFSS

Once the lists are obtained in MATLAB, they can be converted to polygon
formations in HFSS by using Visual Basic script file [30]. Scripting can be used
to execute in HFSS any steps from model construction, simulation, and field
export without using the graphical user interface (GUI) of HFSS. This script is
generated using MATLAB where the connectivity list gives the node information
and the resolution of the image gives the dimensions. Hence, a typical image is
converted into contiguous polygons in 2-D plane in HFSS. The snapshot of these
polygons being formed by an executed script is shown in Figure 5.16. The amount
of time it takes to make one such 2-D slice varies from 15 minutes for a very big
slice to 2 minutes for the small ones. The time depends on the number of nodes
and hence the number of line segments to be drawn.

The memory and time in 3-D modeling is generally dependant on the
number of entities used. If a data base has too fine a resolution, it is desirable to
eliminate the less essential nodes to save memory and time. This may be done by
rejecting nodes where the line segment to the next node has no direction change.
For instance, the line segment going to a node in successive column but in the
same row and vice versa can be determined in MATLAB by scanning through the
lists. This results in longer segments in some polygons. This is shown in Figure
5.17. Tt has been found that this does cut back on the time and memory, by a

factor proportional to the number of the deleted unnecessary nodes.
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et 8 oot Hiei Dokl Payord Hied o)
pEEE R

Figure 5.16: The screen shots showing the polygon formation in the HFSS
interface using a Visual Basic script. The first and second images in the flow
show the muscle and fat polygon constructed while the polygon for fibro-
glandular tissue is being traced. The third image shows the transitional-tissue

polygon being traced next. The fourth image shows all contiguous tissue polygons

constructed.
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Figure 5.17: The muscle polygon in HFSS.

3.3. Simple GUI

A very simple GUI has been designed in MATLAB and named = “Patient
Specific Numerical Breast Phantom Modeller” (PSNBPM), to execute the codes
discussed so far. The last result from the GUI is an HFSS script file saved in the
same file path where the images are loaded. The screenshots of the GUI are
shown in Figure 5.18. This is just a starting phase in implementing a GUI. Due to
time constraints, a lot remains to be done to make it more sophisticated. It is
desirable to add more control options for image processing to the GUI and to

enhance its interface.
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Figure 5.18: The simple GUI layout for PSNBPM.

210



M.A.Sc. Thesis — Aastha Trehan Chapter 5 McMaster University — ECE

3.4. Slice-by-Slice Solid Construction in HFSS

After the 2-D slice with tissue polygons is obtained as seen in Figure 5.16, it
can be converted into a solid slice be a simple sweep operation in HFSS. This is
usually incorporated in the script but has been shown here separately for clarity.
The solid slice can then be assigned material properties, which is also done in the
same script. To confirm that the created 3-D slice is errorless and fit for
simulation, a validation check should be issued in HFSS. This is shown in Figure
5.19 where the check shows no modeling errors.

To appreciate the results of this method, it is important to state that one
could use a voxel-by-voxel (VV) construction method using directly the material
map generated from an MRI and its pixel resolution. This would save all the pre-
processing in simplifying the material maps and making the connectivity lists in
MATLAB. However, the VV method is not achievable in HFSS. A typical script
file size for a Hamiltonian-contour (HC) method is 550 KB for a big slice whereas
it is about 15 MB for the VV method. Also, the slice shown in Figure 5.19 took
about 11 minutes for construction whereas the VV slice took 7.5 hours to make
just 3363 voxels (where it was supposed to make 23,545 voxels) after which
HFSS became unresponsive (after 9 hours). This is due to the high memory cost
of the huge amount of entities in the MR slice of high resolution. Figure 5.20
shows the VV-based construction snapshot. It is expected that meshing by HFSS
will make things even worse for VV-based method. Also, there can be no union

performed to make bigger blocks as non-manifold edges are created as shown in
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Figures 5.2 (b) and 5.3 (d).

The FDTD based time-domain solvers are suited to the VV-based method as
the voxel structure is closer to their intrinsic meshing style. However, the HC
method works better for them, too, to reduce the memory requirements. Figure
5.21 and Figure 5.22 show comparisons with comments on the file sizes. These
examples are with QWED [33]. The important requirement is to have CCW
orientation for the contour construction in QWED. It is needed for material

assignment.
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Figure 5.19: Screen shot showing HFSS slice for the MR image and the 3D

validation check.
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Figure 5.20: The voxel-by-voxel construction process in HFSS.
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Figure 5.21: The screen shot showing the slice in the time-domain solver QWED

with information on file sizes. The slice is made by the voxel-by-voxel method.
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Figure 5.22: The screen shot showing the slice in the time-domain solver QWED
with information on file sizes. The slice is made by the CCW Hamiltonian-

contour construction method as required in QWED.
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3.5. SAT Models and Compatibility with Other EM Simulators

The creation of a breast model as an SAT model from the constructed slices
in HFSS is a time-consuming operation compared to the MATLAB pre-
processing (which takes typically a few seconds). All the slices in the HFSS
model have to be constructed and validated one by one. This can take up to 2 days
for 80 to 90 slices (depending on the operator, too). Once the slices are
constructed, they are all imported in HFSS and a union is performed. The
resulting model can be exported as an SAT model. Such models are compatible
with other simulators. A typical breast model from 80 slices is shown in Figure
5.23. The size of the SAT model is 31 MB, which is an excellent result in view of
the model complexity. The file takes about 5 minutes to open in HFSS and even
less time in CST [33]. Figure 5.23 also shows how fat and muscle could be united
into one block each without errors whereas glandular and transitional tissue had
about 3 to 4 blocks. This is because, at some boundaries, the union gave non-

manifold edges for the latter two tissue types.
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Figure 5.23: Screen shots showing the SAT file made by unifying 80 slices in
HEFSS. Muscle and fat for all the slices are unified without modeling error as

shown in the bottom screen shot.
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4) SCOPE FOR MODEL SIMPLIFICATION

To reduce the computational requirements of the simulations, we need to
reduce the memory requirements of the 3-D models. So far, we have described
these aspects and presented a Hamiltonian-contour method that greatly improves
upon the voxel-by-voxel method. Model simplification can be carried further if
necessary. Both, FEM-based simulators and FDTD-based simulators, can work
faster if the 3-D models are piecewise inhomogeneous models of low complexity.
The meshing becomes more robust and the mesh edge length does not have to be
too short. Hence, if a region-of-interest (ROI) of a tissue on an image can be
approximated by only a few nodes or segments, then this greatly decreases the
number of geometrical elements. This is shown in a crude example in Figure 5.24
for a transitional tissue polygon.

The algorithm to do the reduction in nodes can be used to further enhance
the discussed HC method. The idea is that the structure of the tissue polygon is
roughly rendered by connecting a few selected nodes. Hence, each polygon is re-
drawn by longer segments over the region-of-interest as seen in the material
maps, instead of segment length that comes from the MRI resolution. The number
of segments to be used can be flexible depending on the resolution desired and
based on some threshold. This definitely has to be done in a successive manner
for all the tissue polygons in an image slice; similar to what was done to make
contiguous polygons (see sub-section 3.1 of this chapter). It is a situation

analogous to fitting a puzzle with polygons. In summary, the scope of
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improvement is both in the algorithm as well as in the GUI in order to give the

user better control over the image processing and the connectivity lists.

L e/

Figure 5.24: The diagram shows illustrates how fewer segments and nodes (see
solid-line contour) can approximate a complex region-of-interest (see red shaded

area).
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CHAPTER 6

CONTRIBUTIONS TO
NUMERICAL MODELING

INTRODUCTION

So far, the chapters in this thesis have presented the work related to creating
and representing the patient’s breast in both experiments and simulations. In
experiments, the imaging apparatus with the antennas is a key component in
addition to the physical phantoms. Also, numerical modeling is an essential part
of the reconstruction algorithms.

A novel TEM horn antenna has been proposed for microwave imaging of
the breast by Reza K. Amineh of our group. The major design requirement

achieved by the antenna is that it couples the microwave energy into the tissue
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without being immersed itself in a coupling medium. This ensures that the
imaging system including the antennas is convenient to use in a clinical
environment, i.e., it is easy to maintain and sanitize after a patient is examined.
The antenna has been designed to operate in the UWB range from 3.1 GHz to
10.6 GHz. The antenna has shown good results with wide impedance match and
efficient power coupling capability. The antenna is a good contender for both
microwave tomography (frequency-domain) and radar-based (time-domain)
imaging systems. To confirm this, the fidelity of the antenna is computed
numerically using EM simulators. The related work and results are presented in
section 1 of this chapter. This material can be found in expanded form in a
technical report [1].

Biomedical imaging applications with microwaves [2]-[5] have gained
significant attention in recent years. However, clinical or commercial
implementations are not yet within reach. Among the many challenges, the
development of efficient and reliable reconstruction algorithms is a key. The
reconstruction algorithm relies on the gradient (or Jacobian) computation with an
electromagnetic (EM) forward model. Microwave tomography is based on such
high-frequency forward models. The optimization problem associated with
microwave tomography is solved by minimizing an objective function. The
construction of appropriate objective functions is hence essential. The work and

results related with this component is discussed in section 2 of this chapter. This
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material can be found in expanded form in a technical report on sensitivity

analysis for detection algorithms [6].

1) FIDELITY OF THE ANTENNA
1.1. Antenna Structure and Impedance Results

The TEM horn antenna is a traveling-wave structure that consists of two
conducting plates. To radiate efficiently, its flare angle, plate width and length are
properly chosen. The designed antenna is a linearly tapered structure, as shown in
Figure 6.1. It features fabrication simplicity. TEM horn antennas are usually fed
by a coaxial line. A balun is needed to match the impedance of a TEM horn,

which is a balanced structure, to that of an unbalanced coaxial line [1], [7], [8].

(a) (b) (c)
Figure 6.1: Antenna structure: (a) the TEM horn with a coaxial feed and the
balun; (b) top view of the TEM horn; (c¢) bottom view of the TEM horn.
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This TEM horn is placed in a solid dielectric medium, as shown in Figure
6.2, with g, =10 and tand =0.01 (ECCOSTOCK HiK Cement [9]) so that it can
be used for direct measurement of the breast tissue without coupling liquid. In
order to decouple the antenna from the surrounding medium, the outer surface of
the dielectric enclosure is covered with copper sheets on the top, bottom, and side
surfaces. These copper sheets are bonded together. The top and bottom copper
sheets have patterned apertures in order to tune the impedance in the UWB range.
The areas that are not covered by copper sheets are shown in pink (lighter gray in
gray scale) in Figure 6.2. The shape parameters of the dielectric enclosure also
influence the impedance of the antenna and the optimized values of the design are

given in Table 6.1. The antenna length is 75 mm and the aperture size is

38 mm x 47 mm. A microwave absorbing sheet with ¢, 30, &' =2 , y/ ~1.7,
and 4 ~2.7 (ECCOSORB FGM-40 [9]) is glued to the top surface to prevent

undesired radiation and interference [7].
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Z

absorbing sheet

side
copper sheet

bottom copper sheet

(a)

— X3P

(b) (©

Figure 6.2: Antenna structure: (a) the TEM horn placed in a dielectric medium

with relative permittivity of 10 with copper sheets on all outer surfaces except the

front aperture and a microwave absorbing sheet on the top surface; (b) the copper

sheet pattern on the top surface; (c) the copper sheet pattern on the bottom

surface.
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TABLE 6.1: DESIGN PARAMETERS OF ANTENNA.

Parameter Value Parameter Value
(mm) (mm)
/ 39.6 w3 38.0
w 31.2 X1 8.0
h 22.6 X2 21.0
a 8.3 X3 28 .0
b 5.0 X4 32.0
c 11.4 Xs 15.0
r 10.5 i 5.0
d 5.0 » 2.0
L 75.9 V3 4.0
s 38.0 V4 5.0
t 47.0 z) 14.0
wi 14.0 Z 553
W) 29.0 z3 23.0

The antenna achieves the design requirement of operation without coupling
medium by: (i) directing all radiated power through its front aperture, and (ii)
blocking external electromagnetic interference by a carefully designed enclosure
consisting of copper sheets and power absorbing sheets. In the whole UWB, the
antenna features: (a) good impedance match, (b) uniform field distribution at the
antenna aperture, and (¢) good coupling efficiency. These features are crucial in
the detection and characterization of tumors. The measured results are also in
fairly good agreement. Figure 6.3 shows that the measured and simulated (carried
out with HFSS ver. 11 [12]) magnitude of reflection coefficient, |S},, is below -10

dB. Figure 6.4 shows that the antenna is well isolated from the environment.
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Figure 6.3: Simulated and measured insertion loss.

—Grabing by hand

--No hand

/(GHz)

Figure 6.4: Measuring the breast phantom when grabbing the antenna directly.
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1.2. Fidelity Evaluation

1.2.1. Theory and formulas

To gauge the level of distortion in the transient radiated pulse as it
propagates through the tissue layers, we require a measure of its distortions in
comparison with the input signal at the feed terminals of the antenna. Such a
measure between two signals, #(f) and f{f), which uses amplitude weighting and

time shifting of the signal, is [10]:

d =min ?’f(l‘—f)—j}(l‘) dt (1)
where
My=—"0 _ ad fi=—19 @)

{?haﬁ] [hf@ﬁ}—

The input £{f) and the output 7(¢) are normalized to have unit energy, and the delay
t is varied to make the integral in (1) reach a minimum. Expanding (1), the

distortion parameter d can be written as [10]:

d= mrin{ T[]f(t +o)fdr+ ,” f(t)’zdt—Z wﬂ FOR+ r)‘dt:]
- B ~ ” 3)
= min 2[1 | ’ FORE+ r)}dtJ = min2[1- F]

Here, F is defined as the fidelity, given by the formula:
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F= wﬂjf(t)r‘(r voldt ()

The minimum distortion is obtained when 7 is chosen appropriately to

maximize the integral term, which is the cross-correlation of 7 (f), the normalized
transmitted E field magnitude [see (2)]; and f (), the normalized input E field

magnitude at or near the antenna terminals. Thus, the fidelity parameter F is
determined by the peak of the cross-correlation function. Since a change in sign is
usually not regarded as a distortion, the absolute value of F is used in
measurements and calculations [10].

The use of F from (4) is particularly meaningful when the output is expected
to be similar to the input. For instance, during this investigation, the tissue is in
the near zone of the antenna (as there is direct contact); hence the fidelity F is
examined as the deviation of the output radiated signal in the antenna bore sight
direction, from the input signal in the coaxial feed.

1.2.2. Simulations and results

Two electromagnetic (EM) simulators based on FDTD were used. At first
simulations were done with XFDTD ver. 6.3 [13]. Due to unsatisfactory
impedance results with XFDTD, later CST Microwave Studio Suite [14] was
employed. For details on simulations with both, refer to [1]. A summary is given
below:

(a) Simulation with XFDTD: The antenna structure modeled with the coaxial
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cable simulated in XFDTD is shown in Figure 6.4. The available source types are
lumped elements that can be either current sources or voltage sources (with and
without a resistor). The antenna structure in Figure 6.5 uses resistive voltage
source (RVS) element with a 50 € resistor. A zoom on the source (a RVS) is
shown in Figure 6.6. The cable has to be truncated with absorbing wall at the
cable’s circular aperture to minimize reflections and numerical errors [11].
XFDTD does not allow defining the absorbing condition within the computation
domain. This leads to the need to model a long cable from the feed to the top wall
of the air box where it connects to Liao’s absorbing boundary. Also, the material
should be the same within 20 cells of the boundary condition in XFDTD and
hence a PEC stub is used at the truncation. It is important to mention that XFDTD
does not allow the modeling of absorbing sheets which have both electric and

magnetic properties (i.e., & #1 and z #1).
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Spatial location (m): [0.00,-47.17.50.07)
Cell location: (31, 40, 181)Z 0)7)

Figure 6.5: Antenna structure with meshed coaxial cable with a PEC stub at end.
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Figure 6.6: Resistive voltage source connected at the end of the inner cylinder.

The source is at the centre of the white oval between the inner wire and the coax

termination.
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One of the fidelity results obtained with XFDTD is shown here. It is
computed with respect to the incident field recorded in the feed region between
parallel plates. The recorded field waveform is shown in Figure 6.7. The
corresponding fidelity is shown in Figure 6.8. It is to be noted that although the
attenuation in the fidelity graph should be decreasing monotonically, the result
obtained here does not achieve this. Firstly, it might be due to the inaccuracies of
fields given by the simulator. Secondly, there might be errors in shifting each
waveform precisely by 7 time steps through a generic MATLAB [15] code. This
shift is applied to all transmitted waveforms which are delayed compared to
incident field at the feed. This is because to perform cross-correlation operation,
the waveforms have to be matched. This is done by pattern matching with
waveform peaks. An example for a probe placed in skin (named SP1 [1]) is given
in Figure 6.9, where the top graph shows original waveform recorded at SP1 and
the bottom graph shows the shifted waveform to match with the incident field.

The time shift 7 is chosen so as to achieve maximum fidelity. This is done

iteratively after a suitable time step 7,, is estimated by pattern matching. This

iterative method is applied over a range of 7:

T T
-2 <7<, +-% (5)

T(_’Xf
f ¥
where /=5, 10, etc. is any factor. Here, a factor of 10 was used for optimum

correlation.
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Figure 6.7: Time waveform (£ field) recorded between the horn plates inside
the antenna.
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Figure 6.8: Fidelity along the boresight direction of the antenna as a function of

the distance from the aperture.
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Figure 6.9: The top graph shows the time waveform recorded at probe SP1 and
the bottom graph shows the same waveform shifted to coincide with the incident

waveform to obtain maximum fidelity.
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(b) Simulation with CST: CST features an excellent GUI and a reliable time-

domain solver. The antenna model was imported directly from HFSS and is
shown in Figure 6.10. The material definition could be made same as in HFSS.
For accurate coaxial cable modeling, CST gives an option for automatic template
that can be applied to coaxial cable excitation with the dominant TEM mode as
shown in Figure 6.11. CST ensures that the waveguide mode is confined within
the cable and there will be no radiation from the aperture as in XFDTD. The
excitation is set up automatically in the desired frequency range. The boundary is
set up as PML with the default space. The simulation takes more time than in

XFDTD. The result for the reflection coefficient is better with CST compared to

XFDTD (refer to [1]). It is shown in Figure 6.12.

Figure 6.10: Antenna structure in CST which is imported from HFSS.
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Figure 6.11: Coaxial cable excited with automatic waveguide port template in

CST.

The absorbing sheet was introduced in CST, same as in HFSS. The user
defined material measurements for skin and tissue were also incorporated [1], [7].
This simulation set up improves |S11] significantly as seen in Figure 6.12. It is
hence learnt that the absorber is important for wide impedance performance of the
antenna. Also, the fidelity results are more realistic with CST. The probes were
placed in the skin and tissue layers similar to XFDTD. Three probes are set up in
the coaxial cable and the feed line for recording the incident field. The probe set
up in CST is shown in Figure 6.13. The best fidelity result is shown in Figure 6.15
when the incident field is the field between the horn plates (shown in Figure
6.14). The fidelity values for the probes near the skin to tissue transition region
are smaller than the other probes. This could be due to the higher loss in the skin

as well as the near field nature of the field right next to the antenna aperture.
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Figure 6.12: |S};| simulated in CST compared to that simulated in HFSS and the

measured one.

Probe E-field (X; -10.5 9.0 -12.1) I
Type Efield

Position -108.5, a, -12.1

Figure 6.13: Probe set up in CST to record the E. field time waveforms in the skin

and tissue layers.
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Figure 6.14: Time waveform (E. field) recorded between the horn plates inside the

antenna.
1 T T T T T T

095 A

T

0.9 i T 2

0.85r * 1

Fidelity
=
(o)

K
I

0.75F =

0.7r 1

0.65r 1

*
1 1

0 5 10 15 20 25 30 35

Distance from Aperture (mm)
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These fidelity results were discussed in a presentation in this year’s IEEE

Antenna and Propagation Society (APS) symposium [8].

2) 3-D JACOBIAN MAPS FROM SELF-ADJOINT SENSTIVITY
ANALYSIS
2.1.  Objective Functions for Jacobian Maps

The objective function is a measure of the difference between the measured
(or target) responses and the responses produced by the forward model for the
current estimate of the permittivity distribution. The forward model is typically a
high-frequency electromagnetic (EM) simulation. The optimization problem is
solved iteratively by properly updating the complex permittivity. Gradient-based
optimization techniques are preferred due to their fast convergence. However,
gradient-based techniques require the Jacobian of the objective function. Our
group’s previous work has addressed the memory-efficient self-adjoint technique
which can make the Jacobian computation possible and can be applied with
commercial simulators [16]. The objective function has been defined before in
[16] as:

F(g)=|| @(e)-@||+5- || e~&, || 6)

where @ is the vector of target responses, @ is the vector of responses obtained

from the forward model, and ||-|| represents a suitable, e.g., /, norm. The second

term in (6) is the regularization term where the coefficient 6 is usually chosen
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between 0 and 0.5. The vector & represents the unknown complex permittivity

profile of the reconstructed scatterer in the assumed discrete space while g, is the

“background” permittivity profile which is assumed known. In previous work
[16], the particular objective function and its Jacobian was considered:
N. N
F(e)= o.s(% S, =S, 1P+ 5;| £, Epn |2) @)
Here, N, is the number of the excitation sources, and N is the number of the
optimizable parameters. The objective function ' contains the information of all

S-parameters of interest in the forward model and the measurement. The complex

permittivity of each voxel g, is expressed in terms of its real part &, and its

equivalent specific conductivity o, as:

e,,=8,’,(1—j&,—J,n=l,...,N )
wE

n

The respective derivatives of the objective function in (7) are:

oF X __ (8, _ (as,
= Z |:(SU —SI])R (a_{j +(Slj —Slj)[ [a_{] +0- (gn _ghn)R
R I |

'
a‘E‘n i,j=1 n

n

)

g_z Iz|i(Su —§:/)R (sij +(Sy _‘§u)l .(25,1 j —(0/w)-(&,— &) (10)
R L]

aO-n i,j=1 n n

In (9)-(10), each complex response derivative: (i) 0S,/0e, and (ii)

as, /oo, ; (i,j=1,...,N,,n=1,...,N ), is computed using the sensitivity formula
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in [16]. These derivatives, which constitute the Jacobian matrix, have been plotted
as functions of the position of the voxel whose complex permittivity is an
optimizable parameter. Such plots are referred to as Jacobian maps. This study
exemplifies how the minima and maxima of a Jacobian distribution are indicative
of the location at which the model constitutive parameters are the most different
from those of the object under test. However, in microwave imaging experiments,
exact knowledge of the vector responses may not be available. Often, the
magnitude of the responses can only be measured without the phase information.
Hence, there is the need for new objective function formulations where separate
terms are defined for the magnitude and the phase of the responses.

2.1.1. Objective functions based on magnitudes of responses

We consider the objective function based on the magnitude of the responses:

N, _ N
Fy(£)=0.53 (1S;1-15, )’ (I
i,j=1

Its respective derivatives are:

oF, R s 028
E —Z(|Sy-|—\5'g'|)?,n—l,---,N (12)

P=En.0n i.j=1
In (12), each response derivatived| S, |/dp (p = &,0u0,j=1,...,N,,n=1,...,N)

is computed using (A1) in the Appendix A.

2.1.2. Objective functions based on phases of responses

We consider the objective function based on the phase of the responses:
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1V" 5 -3
Fp(8)=05) | &% — ¢/ P (13)

i j=1

The above is equivalent to:

N, _ _
F.(8)=0.5 Z [(cos LS, —cos £S,)? +(sin £S,; —sin £S;)’] (14)

i,j=1

Its respective derivatives are (see Appendix A):

: &, = 048
oy =Y sin(£S, - £S,)
ap p:EI’l On i,j=1 ap

i
" n—l,...,N (14)
In (14), each response derivativea.éS,j l8p (p=g&r 5.0, =1,.... N, m=1,...., N}

is computed using (A9) in Appendix A.

2.1.3. The sign of the Jacobian maps

In general, the derivative of an objective function F =0.5(R—R)> with
respect to a parameter p, can be expressed as 0F /dp = (R —ﬁ)aR/ Op , where R

and R are the real-valued model and target responses, respectively. There are 4

types of scenarios that arise as presented in Figure 6.16 [6]:

(@) CASE1: 8F/dp <0 is fulfilled when: (i) 8R/8p >0 and R <R, case 1

in Figure 6.16; (ii) &R /dp <0 and R > R, case 2 in Figure 6.16. When
OF / 0p < 0, the parameter p has to be increased in order to match R and R.

(b) CASE 2: 0F /dp>0 is fulfilled when: (i) dR/8p >0 and R > R, case 3

in Figure 6.16; (ii) 0R/dp<0 and R<R, case 4 in Figure 6.16. When

dF /8p > 0, the parameter p has to be decreased in order to match R and R .
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The case of interest to us is Case 1 as will be discussed in section 2.2 of this

chapter.

_ F=05(R-R?* _
R—-R<0 | R—R>0
S 7
{increase R to match R ‘decrease R to match Rl

oR <0 (1,2)

R)—
p >0 (3,4)

Figure 6.16: Four types of scenarios for the derivatives of the objective function

F=0.5(R-R)*> with respect to a parameter p, which can be expressed as

OF |0p=(R-R)eR/0p, where R and R are the responses from the forward model

and the measured (target) model.

2.2.  Simple Numerical Models and Results

In order to test the Jacobians of the objective functions, the target model and
the corresponding forward model were set up in an FDTD based solver QWED
[17]. Figure 6.17 (a) shows a 2-D cut of the target model, which serves to obtain
the “measured” field data. It consists of a homogeneous background and a lossy
homogeneous spherical scatterer. The spherical scatterer has its center at (20, 20,

20) mm and its diameter is 2 mm. Its constitutive parameters are &, =30 and
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o, =3 S/m. The homogeneous background constitutive parameters are &,, =6
and o, =0.2 S/m. The diameter of the cylindrical region of interest is 14 mm and

its height is 40 mm. Figure 6.17 (b) shows the 2-D cut of the forward model. It
represents a typical starting point for imaging reconstruction, which assumes a
“scatterer-free” model. This model is identical with the target model except for
the absence of the scatterer. A uniform mesh with A42=0.5 mm is used with six
(a)-(b)]. The excitation used is a modulated Gaussian pulse, which covers the
frequency band from 3.0 GHz to 10.0 GHz. For further details on the simulation
set-up, refer to [6].

The response from the simulations is a vector of the point-wise transmission

coefficient S, (7,7=1,2,....6,i# j) which are used in (12) and (14). Note that

both of the objective functions F, and Fp contain all the transmission coefficients.
We compute the Jacobian at different frequencies for the forward model in the
cubic region. Its 2-D cut at z = 20 mm is shown in Figure 6.17 (b) with red dash
line. We refer to this region as the Jacobian computational domain. The complex
permittivities of all voxels inside the Jacobian computational domain are

optimizable parameters.
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Figure 6.17: Cross-section in the xy plane of the: (a) target model and, (b) the
corresponding forward model where the red-dash rectangle is the Jacobian

computational domain.

The plots of the Jacobian maps in the Jacobian computational domain are
then acquired in the plane z = 20 mm, which contains the scatterer’s center in the
target model. Figure 6.18 shows the Jacobian maps at 10 GHz.

Note that in this example, it is already known that the dielectric parameters
of the scatterer are higher than those of the background. Therefore, the derivative
of the objective function with respect to the parameter should be negative as seen
in the analysis illustrated in Figure 6.16. All positive derivatives are ignored (case

3 and case 4 in Figure 6.16). Note that, minima might appear on the fringes of the
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imaged domain. We take into account only minima which are smaller than the
derivatives of all surrounding voxels. These are referred to as true minima. This is
relevant to the case of breast imaging as the tumor is supposed to have higher

permittivity and conductivity compared than the background healthy tissue.
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8<Flze 6<Floc

<
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Figure 6.18: Jacobian maps in the plane z =20 mm at 10 GHz: (a) 8| F'|/0¢, ; (b)

0| F|/oc ; (c) OLF 10¢,;(d) 0LF /0o .
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It is observed that in the Jacobian maps for this example, all true minima
appear at the point (20, 20, 20) mm, which coincides with the center of the
scatterer in the target model. It is the same with other frequencies. On an average,
a wide-band set of Jacobian maps indicates fairly accurately the location of the
scatterer. The locations of the true minima of all Jacobian maps for frequency
range from 3 GHz to 10 GHz at 1 GHz intervals are listed in Table 6.2. Here, the
derivatives of the two objective functions Fy (| F'|) and Fp (£F") with respect to
the relative permittivity and the conductivity are considered.

Further, all the Jacobian maps are properly selected and averaged at
different frequencies in order to strengthen the effects of parameter perturbations.
Firstly, we select all the valid Jacobian maps in the frequency range of 3 to 10
GHz with 0.1 GHz frequency step. A map is considered valid if it contains a true
minimum smaller than zero (negative derivative). Then, we average the locations
of all the true minima for all valid maps. The averaged true minimum for different
Jacobian maps is listed in Table 6.3.

This example illustrates nicely the benefits that high-quality Jacobian maps
can bring to image reconstruction. In particular, the true minima (or maxima) of a
Jacobian distribution are indicative of the location at which the model constitutive

parameters differ the most from those of the object under test.
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TABLE 6.2: TRUE MINIMA FOR TWO OBJECTIVE FUNCTIONS W.R.T. £, OR O IN
THE FREQUENCY RANGE FROM 3 GHZz 10 10 GHZ.

Derivative w.r.t. Frequency ] =
Parameter (GHz) Location (x, ) Location (x,)
(in mm) (in mm)

3 None (20.0, 20.0)
-+ None (19.0, 21.5)
5 None (22.0, 22.5)
0 6 (20.0, 20.0) (23.0, 22.5)

08, 7 (20.0, 20.0) None
8 (20.0, 20.0) (20.0, 20.0)
9 (20.0, 20.0) (20.0, 20.0)
10 (20.0, 20.0) (20.0, 20.0)

3 (20, 20) None

4 (20, 20) None
5 (18.5,20.5) (20.0, 20.0)
D 6 (22.0, 23.0) (20.0, 20.0)
oo 7 None (20.0, 20.0)
8 None (20.0, 20.0)
9 None (20.0, 20.0)
10 None (20.0, 20.0)
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TABLE 6.3: AVERAGE TRUE MINIMUM FOR TWO OBJECTIVE FUNCTIONS W.R.T.

£, OR O.
Derivative w.r.t | F| /F
Parameter Location (x, y) Location (x, y)
(in mm) (in mm)
0 (20.0, 20.0) (20.362, 21.1293)
oe,
ai (19.9697, 20.6212) (20.0, 20.0)
o)

Our next goal is to verify the capability of our self-adjoint sensitivity
analysis (SASA) [16] in detection. The same models were used, except that the
scatterer in Figure 6.15 (a) is moved to various locations in the background
medium. Consider the case when its center is moved to the right along the x axis
to the point (23.5, 20, 20) mm. This case is referred to as the Right Case. We also
consider the case when its center is moved to the left along the x axis to the point
(16.5, 20, 20) mm. This is called the Left Case. Finally, its center is moved up and
down along the y axis to the points (20, 23.5, 20) mm (Up Case) and (20, 16.5,
20) mm (Down Case).

The same investigation as in the Center Case was then applied to these 4
different cases. Table 6.4 gives the locations obtained for the true minima of the
Jacobian maps in the frequency range from 3 GHz to 10 GHz at 1 GHz intervals
for the Right Case. The actual center of the scatterer is at the point (23.5, 20, 20)

mm for this case. The averaged true minimum for the whole frequency range of
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interest from different valid Jacobian maps is also listed in Table 6.5. Similar
results were obtained for the remaining three cases.

The objective of microwave tomography is to reconstruct the complex
permittivity profile in an imaged 3-D volume. Jacobian maps at different

frequencies and based on different parameters (p=¢,,0, ) facilitated by the

objective functions Fy, and Fp, carry useful and unique information. For robust
reconstruction and study, these various maps have to be combined so as to give a
single coherent image. For any sort of combination, the Jacobian maps have to be
comparable in magnitudes, which greatly differ based on the objective functions
Fyrand Fp. This is because the amplitude value of the Jacobian maps from F)y is
smaller than the Jacobian maps from Fp by an approximate factor of 107.
Therefore, all valid Jacobian maps in the frequency range from 3 GHz to 10 GHz
(evaluated with 0.1 GHz frequency step) are normalized through the modified

root sum square (RSS) formula:

O )
oF op B

E3

1
RMS NN, \/i‘: N-V[ oF

(15)

Z g) (xlayj)

i=l j=1
Here, F'is any objective function either based on the magnitudes or the phases of
the responses, 0F /dp is the Jacobian (derivative) of the objective function, N;

and N, are the number of probes along the x and y axis in the computational

domain, x; and y; are the x- and y-coordinate for each probe, respectively.
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TABLE 6.4: TRUE MINIMA FOR TWO OBJECTIVE FUNCTIONS W.R.T. £, OR & IN

THE FREQUENCY RANGE FROM 3 GHz 1O 10 GHZ FOR THE RIGHT CASE.

Derivative w.r.t. Frequency ) <F
Parameter (GHz) Location (x,) SAEBHen i
(in mm) (in mm)
3 None (20.0, 20.0)
4 None (22.5,20.0)
5 None (23.5, 20.0)
0 6 None (24.0, 19.0)
08, 7 None None
8 (23.5, 20.0) None
9 (23.0, 20.0) None
10 (23.0, 20.0) (16.5,20.0)
3 (21.0, 20.0) None
4 (22.0, 20.0) None
5 (23.0, 20.0) (20.5, 20.0)
) 6 (24.0, 20.0) (21.0, 20.0)
oo 7 None (21.5,20.0)
8 None (22.0, 20.0)
9 None (22.5,20.0)
10 None (22.5,20.0)

Actual Location is (23.5, 20.0) mm
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TABLE 6.5: AVERAGE TRUE MINIMUM FOR TWO OBJECTIVE FUNCTIONS W.R.T. &,

OR O.
Derivative w.r.t | F | LF
Parameter Location (x, y) Location (x, y)
(in mm) (in mm)
0 (23.1250, 20.0) (22.4857, 19.8571)
Oe,
0 (22.8684, 20.1053) (21.508, 20.0)
oo

To obtain 3-D Jacobian maps, we performed two more steps after the RMS
normalization. Firstly, we reversed the sign of the normalized Jacobian maps in
order to obtain the maxima instead of the minima (to get the red color for the
scatterer). Secondly, we normalized the obtained Jacobian maps by their own
maxima in order to make the values within all maps between 0 and 1. To
combine, we simply added all these valid normalized maps together. We refer to
the obtained maps as the combination maps. The 3-D sliced combination maps for
the Center Case and the Right Case are shown in Figure 6.19 (a)-(b). It is stated
again that the scatterer’s center is at point (20, 20, 20) mm for the Center Case
and it is at (23.5, 20, 20) mm for the Right Case. The corresponding true

minimum of each combination map is listed in Table 6.6.
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TABLE 6.6: TRUE MINIMUM IN THE COMBINATION MAPS.

True Center Map Minimum
Location (x, ) Location (x, y)
(in mm) (in mm)
Center Case (20.00, 20.00) (20.00, 20.00)
Right Case (23.50,20.00) (23.00, 20.00)

(2) (b)

Figure 6.19: 3-D Jacobian maps: (a) Center Case with the scatterer’s center at (20,

20, 20) mm; (b) Right Case with the scatterer’s center at (23.5, 20, 20) mm.
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These results for 3-D imaging were a part of the workshop presentation in
2009 International Microwave Symposium [19]. Currently, work is underway on
testing the objective functions and algorithms with various scenarios and
assessing the limitations of the technique. Also, resolution studies and

complicated numerical models are being investigated.
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CHAPTER 7

CONCLUSIONS AND
SUGGESTIONS

1) RESULTS CONCLUDED

This thesis describes contributions, which can aid research in developing

active microwave imaging (AMWI) techniques for breast cancer detection. This
endeavor resulted in the following achievements:
»  The dielectric properties of the breast tissues have been studied and
summarized from both old and recent ex vivo studies. The dielectric-property data
from the recent studies have been chosen to be the target for creating physical and
numerical phantoms. For this, simple Debye models have been proposed that can
be used in electromagnetic simulations.

»  Methodologies to fabricate physical phantoms that can mimic an

electromagnetic medium comparable to the tissues in the breast have been laid
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down. This is required for experimental work such as: (i) to test the designed
sensors for AMWI, (ii) to optimize the scanning arrangements of the sensors, and
(iii) to conduct scatterrer detection studies with tumor simulants immersed in
healthy-tissue simulants. The physical phantoms developed through our work are
easy to make, they are replaceable, they resemble the dielectric properties of the
breast tissues, and they reproduce well the contrast from high-water content
tissues (HWCT) to intermediate-water content tissues (IWCT) to low-water
content tissues (LWCT). Another convenient attribute is that they can retain their
shape without being too stiff, which eases the experimental protocol.

»  The surface acquisition system based on photogrammetry developed by our
group [1]-[2] has been a significant result. It solves the skin detection problem in
microwave imaging of the breast. The methods proposed prior to our
methodology were based on complex antenna scanning arrangements and only
proven in simulations.

»  The memory efficient 3-D CAD models created from MRI images that can
be used in EM simulators is also a useful achievement. This is an initial step
towards work with realistic and good initial models required for microwave
tomography. Also, to establish direct approaches such as with microwave
holography, realistic numerical models in simulations are necessary.

»  The sensor to be used in the imaging array has been designed for frequency-
sweep measurements. However, its fidelity evaluated in chapter 6, shows that the

antenna is a good candidate for time-domain pulsed measurements as well.
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»  The formulation of appropriate objective functions for reconstruction
algorithms based on self-adjoint sensitivity analysis (SASA) and their prospective
use in plotting Jacobian maps for breast imaging has been discussed in chapter 6.

The results are encouraging so far.

2) SUGESSTIONS FOR FUTURE WORK
2.1. Future Enhancements of The Work Presented in Thesis

The enhancement in all above mentioned contributions is essential to further
make experiments and simulations easier to conduct. Some of the ideas for future
work are listed below:
»  The scope of making more realistic physical phantoms with different shapes
for designing arrays was discussed at the end of chapter 3. This must be carried
forward. Also, more contrast studies with different phantoms must be performed.
The loss is also an important factor to study. For instance, the loss of the
phantoms, which is similar to that of human tissues, can be quite high. This may
make signals too weak to measure with the network analyzers. Hence, low-noise
microwave amplifiers might be required to be integrated in an imaging system for
high-frequency measurements.
»  The surface acquisition system based on photogrammetry was a prototype
to prove to the microwave research community the efficacy of optical methods to
reconstruct random surfaces rather than using the microwave methods. The

system has now been upgraded to a laser scanner. Studies must be carried out to
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see how to best integrate the reconstructed surface shapes within the EM forward
models.

»  For numerical phantoms, the simplification of the models as discussed in
section 4 of chapter 5 can make the simulations faster. This is necessary during
the development stage of the reconstruction algorithms. Waiting for weeks for the
simulations to be completed, in order to know whether an approach has potential
or not, is not feasible.

The main contribution toward the creation of numerical phantoms is the pre-
processing with the Hamiltonian-contour (HC) method which allows for the 2-D
union over an image slice. This method is much more memory efficient than the
voxel-by-voxel construction method. It decreases the number of geometrical
entities (few polygons instead of thousands of voxels) in representing the same
information from the image. After getting the connectivity lists, it is not necessary
to always use the HFSS interface to create the 3-D slice of swept polygons. Other
CAD packages such as the Geomagic Studio [4] can also be used. This needs
further investigation. Also, it was observed in QWED [5] that the slice
construction with HC method took just a few seconds unlike HFSS [6] (that can
take several minutes).

»  The work with Jacobian maps for detection of scatterers, discussed in
chapter 6, has shown promise in examples with simple numerical models. The
investigation of the sensitivity algorithm must be carried forward with more

complex numerical models.
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2.2. Future Directions for AMWI

Microwave imaging research has suffered from inadequate and simplistic
assumptions in many prior studies. There is a need to develop more rigorous
algorithms. For this, verification with both experiments and simulations is
required with each new phase in the algorithm development. Also, the new
directions in research can be established only with thorough experimental
confirmations. This is where the use of easy to use and realistic phantoms plays a
key role.

The electrical property contrast between tissues in the microwave region is
mainly characterized by their water content. The earlier belief that malignant
tissues have high contrast with healthy tissues is valid only for “fat” as healthy
tissue. The characterization of heterogeneous breast tissue has shown that the
contrast is low between the fibro-glandular healthy tissue and the malignant
tissues. Unfortunately, most cancers develop in the glandular tissue. To augment
the contrast between malignant tissue and glandular tissue, some exogenous
agents can be investigated. The use of contrast agents is not new to conventional
imaging modalities. Malignant tumors are known to get the maximum
concentration of exogenous agents due to high blood supply. The concept of
contrast agents is being investigated in microwave imaging, too. However, the
author would recommend that experimental and simulation studies are carried out
to determine the minimum contrast that is detectable with microwave techniques

before deciding on the kind and quantity of contrast agents.
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In relation to the tissue dielectric properties discussed in sub-section 2.2.8,
of chapter 2, the recent studies of ex vivo tissue dielectric properties is not the
final word on the electrical contrast between tissues. More elaborate in vivo
studies must be employed to know the real contrast during measurements with
patients. Also, more statistical analysis must be done to determine the difference
in dielectric properties between malignant and benign breast tissues, if any.

The goal of microwave imaging is to become a wide screening tool to detect
malignancy in its early stages. The images to be produced with AMWI are in
effect dielectric-property maps that show elevated permittivity and conductivity
for the malignant regions. MRI is an excellent modality for acquiring detailed
images of internal tissues, but as discussed in chapter 1, it is used judicially due to
its very high cost. AMWTI is not expected to replace the existing modalities but is
hoped to help early cancer detection and to help prioritize MRI testing.

Multi-modality is another direction of study which must include AMWI.
The time is right for combining imaging modalities to improve the best and curb
the worst. Combinations which can be studied include “microwave-only”
approaches combining tomographic and direct approaches within AMWI, or
“across-modalities” approaches combining microwaves with electrical impedance
tomography or elastography. The objective is to develop a multi-modal imaging
system that can detect early malignancy, overcome the usage of non-ionizing
radiation, cut-back on false positive rate, and still be cost effective for wide

screening.
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APPENDIX A
A.L The Derivative of the Magnitude of a Function

Let f = fr+ jf;.Find 8| f |/ 0x if Of,/Ox and Of, / Ox are known.
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In (A1)-(A2), the complex response derivative df/ox is computed using the

sensitivity formula in [1].

A.IL The Derivative of the Phase of a Function

Let /= f|e”. Find 6¢4/ox if of,/0x and of, /Ox are known.

of 0 , 5 0
a—iz%emﬂfﬁjema—f (A3)

Multiply both sides of (A3) with e/ and move the d¢/0x term to the left of the

equation, we obtain:
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Divide both sides of (A4) by j| f| to obtain:
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In (AS), the complex response derivative df /0x is computed using the sensitivity

formula in [1].

A.ITI The Derivative of the Objective Function Based on Phase

The objective function based on phase is formulated as (see sub-section 2.1.2.):

Ne -
F}’(g) = OSZ l ejéb'f . ejléy |2 (A6)

i,j=1
Using (A6), the derivatives of /p with respect to any parameter p = g, 0, is
obtained as:
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Each term in (A7) is expanded as:
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Substituting (A8) in (A7), we derive the final expression as:
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+(sin £LS; —sin £S§;)- cos LS, - (A9)
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op
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